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*** 
 
RAILROAD WORKSONG 
 
Working on a railroad, for a dollar a day 
Working on a railroad, for a dollar a day 
Working on a railroad, good buddy, for a dollar a day 
Got to get my money, gotta get my pay 
 
Take this hammer, take it to the captain  
Take this hammer, take it to the captain 
Take this hammer, good buddy, take it to the captain 
Tell him I'm gone, tell him I'm gone 
 
If he asks you, was I running 
If he asks you, was I running 
If he asks you, good buddy, was I running 
Tell him I was flying, tell him I was flying 
 
If he asks you, was I laughing  
If he asks you, was I laughing 
If he asks you, good buddy, was I laughing 
Tell him I was crying, tell him I was crying 
  
This old hammer, rings like silver 
This old hammer, rings like silver 
This old hammer, good buddy, rings like silver 
Shine like gold, buddy and it shine like gold 
 
Lyrics, Trad.  
 
*** 
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ABSTRACT  
 
The recent increase in tropospheric ozone (O3) concentrations causes additional oxidative 
stress in plants. Depending on the severity of the stress, plant responses upon O3 challenge 
can be observed as accelerated senescence or as a visible lesion formation, i.e. cell death. For 
this thesis, O3 responses in Arabidopsis, silver birch (Betula pendula Roth) and hybrid aspen 
(Populus tremula L. × P. tremuloides Michx.) were studied regarding photosynthesis and/or plant 
hormones ethylene, jasmonic acid (JA) and salicylic acid (SA). In birch, O3-induced accelerated 
senescence was detected as decreased net photosynthetic capacity, Rubisco content and as 
ultrastructural changes in the chloroplast. Simultaneous O3 and drought stress modified O3 
responses, but did not consistently protect from O3-induced foliar senescence. This implies 
that O3-sensitivity/tolerance is not constant and can be modified by other environmental cues 
such as drought. In the ethylene biosynthesis, the first committed step is catalyzed by 1-
aminocyclopropane-1-carboxylate (ACC) synthase (ACS). In Arabidopsis, AT-ACS6 was the 
only O3 inducible ACS gene among the genes investigated, and the transcript accumulation 
had a strong correlation with O3-induced stress ethylene evolution and foliar lesion formation. 
In two hybrid aspen genotypes, clones 51 and 200, a single acute 8-h pulse of different O3 
concentrations did not reveal differences either in ethylene evolution or the accumulation of 
two ACS transcripts. Chronic O3 fumigation for three weeks decreased net photosynthesis in 
both genotypes, but only the O3-sensitive clone 51 displayed accelerated senescence and 
minor visible foliar damage. However, blocking ethylene perception with 1-
methylcyclopropene (MCP), an inhibitor of ethylene action, abolished the O3 effect quantified 
as net photosynthetic capacity and visible foliar damage. In turn, after pre-treatment with 
chronic O3 concentration for 9 days, an acute 1.5-fold O3 elevation caused drastic necrosis 
with high ethylene evolution and up to 7-fold induction of SA in the O3-sensitive clone 51 
with blocked ethylene perception. Interestingly, the O3-tolerant clone 200 did not respond to 
O3 elevation. Clean air-grown control saplings of clone 200 had constantly ca. 10-fold greater 
levels of free SA compared to clone 51, which might have prevented up-regulation of ethylene 
biosynthesis. The transgenic birch line, denoted BPetr1-1-35, carrying the dominant Arabidopsis 
ethylene receptor etr1-1 mutant allele, displayed less cell death than the wild-type clone in 
response to acute O3 exposure. Similarly, blocking ethylene perception with MCP reduced O3-
induced cell death and visible lesion formation. However, blocking of ethylene biosynthesis 
with aminooxyacetic acid, an ethylene biosynthesis inhibitor, abolished cell death. This implies 
that functional ethylene biosynthesis and simultaneous ethylene insensitivity affected cell 
death. Under normal circumstances, the highly toxic by-product of ethylene biosynthesis, 
cyanide (HCN), is efficiently detoxified by beta-cyanoalanine synthase (β-CAS). However, in 
ethylene-insensitive birch β-CAS transcript accumulation decreased in response to O3 and 
ethylene treatment when compared to wild-type birch. Thus, the likely defect in detoxification 
of HCN may have been the cause of O3-induced cell death in ethylene-insensitive trees. 
Presumably, ethylene signaling has a multiple role depending on severity and length of the O3 
stress, either it accelerates senescence or promotes cell death, but in addition, ethylene 
signaling is required to prevent cell death. 
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1. INTRODUCTION 
1.1. Ozone as an environmental pollutant 
 Ozone (O3) was first recognized as a phytotoxic air pollutant by Richards et al. in 
1958, where it originated from reactions between constituents of photochemical smog. On the 
foliage of grape, O3-induced symptoms were described as reddish colored necrotic lesions. 
Thereafter, O3 has been accepted as a threat for plants and other aerobic organisms. 
Paradoxically, this tremendous trio of oxygen is essential in the upper atmosphere 
(stratosphere) to absorb harmful UV-radiation, and hence shield terrestrial life, but conversely, 
in the lower atmosphere (troposphere) it causes oxidative stress in cells. In plants, O3 may 
serve as an abiotic elicitor that triggers accelerated senescence, defense responses and cell 
death (Pell et al., 1997; Sandermann et al., 1998). The increase in tropospheric O3 
concentration has now been significant for several decades, whereas ironically a decrease in 
the stratospheric O3 layer has been observed as O3 holes. Increased O3 concentration in 
troposphere is the result of human civilization, for example due to traffic and industry. These 
sources emit several gaseous chemicals from which O3 can be formed through complex air 
chemistry. The main compounds involved in those chemical reactions are different species of 
oxidized nitrogen, generally denoted as NOX, which can further react with oxygen and 
sunlight, and form harmful O3.  
In Scandinavia, the most common tropospheric O3 concentrations during 
summertime are around 20 to 40 nL L-1 while episodes of up to 100 nL L-1 are occasionally 
observed (Skärby et al., 1994; Laurila et al., 1999). The ambient O3 concentration 
(approximately 10 nL L-1) without human impact is derived from photochemical reactions 
with natural volatile organic compounds. The critical and phytotoxic O3 levels for vegetation 
are highly dependent on plant species. In addition, inherent genotypic variation within the 
plant species affects O3 sensitivity. In Nordic countries, the suggested critical long-term O3 
concentration is expressed as cumulative exposure over the treshold concentration of 40 nL L-
1, referred as to the AOT40 (accumulated exposure over a threshold of 40 nL L-1). The 
AOT40 value expresses the sum of the differences between the hourly O3 concentrations in 
nL L-1 and 40 nL L-1 for each hour with more than 40 nL L-1 (Skärby et al., 1994). The length 
and concentration of O3 exposure affects plant responses. Acute (high and short-term) O3 
concentrations (up to 300 nL L-1 of O3) frequently result in foliar lesion formation also in the 
O3-tolerant plants, while concentrations even around 80 nL L-1 may cause visible symptoms in 
O3-sensitive plant genotypes. In turn, chronic (low and long-term) O3 concentrations (in the 
region of 50 nL L-1) may accelerate senescence without causing visible foliar cell death. The 
increase in tropospheric O3 concentration has been considered to be one of a major reasons 
causing yield reductions in many crop plants, and unsurprisingly has led  to economically 
significant losses (Heagle, 1989; Krupa et al., 1994). Natural environments, forest stands 
especially, have received their share of this pollutant (Hogsett et al., 1997). However, it has 
been difficult to estimate the damages and/or losses O3 has caused, in view of the fact that 
ambient environments are exposed to many other simultaneous stresses as well (e.g. Krupa 
and Manning, 1988; Kickert and Krupa, 1990). To date, the elevation in tropospheric O3 
concentration is still a continuing problem to be solved.  
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1.2. Central hormonal pathways involved in oxidative stress 
1.2.1. Ethylene biosynthesis and its regulation 
 
The gaseous phytohormone ethylene (C2H4) is commonly associated with processes of 
normal development and growth of plants, such as seed germination, cell elongation, cell fate, 
sex determination, growth, foliar senescence, fruit ripening and leaf abscission. Ethylene can 
autoinduce and is also induced by other hormones and signal molecules such as auxins, 
cytokinins and Ca++. In addition to these functions, ethylene is produced in response to 
various forms of biotic and abiotic stresses such as insects, fungi, bacteria, viruses, wounding, 
anaerobiosis, flooding and air pollutants (Tingey et al., 1976; Yang and Hoffman, 1984; Abeles 
et al., 1992; Kende, 1993; Johnson and Ecker, 1998; Bleecker and Kende, 2000). Ethylene 
responses have a significant role to expedite senescence (Grbic and Bleecker, 1995) since 
ethylene-insensitive Arabidopsis thaliana etr1-1 mutant displayed delayed loss of chlorophyll 
(Bleecker et al., 1988), and similarly, showed delayed senescence and prolonged expression of 
photosynthesis-related genes, Rubisco small subunit (rbcS) and chlorophyll a/b binding 
protein (cab; Grbic and Bleecker, 1995). Ethylene also has another role as a regulator of cell 
death. Ethylene is essential for O3-induced lesion propagation and acts most likely to prime 
healthy cells next to lesions for lesion spread (Overmyer et al., 2000).  
The ethylene precursor, 1-aminocyclopropane-1-carboxylate (ACC), is synthesized 
from S-adenosyl-L-methionine (SAM) by S-AdoMet synthetase (SAM synthetase), and further 
to ACC by ACC synthase (ACS; Yang and Hoffman, 1984). ACS is regarded as the first 
committed step in ethylene biosynthesis, and thus, also as the rate-limiting enzyme since ACC 
is an immediate precursor of ethylene and is induced by stimuli that lead to increased ethylene 
production (Kende, 1993). ACS is a labile enzyme. However, a rapid recycling of methionine 
in Yang Cycle is capable to maintain intensive and controlled ethylene evolution during its 
biosynthesis. The final step in the ethylene biosynthetic pathway is catalyzed by ACC oxidase 
(ACO). This reaction results in the oxidative ring cleavage of ACC into ethylene, cyanide 
(HCN), and CO2 and requires ferrous ion (Fe2+), ascorbic acid, and molecular oxygen for in 
vitro enzyme activity (Yang and Hoffman, 1984; Fernandez-Maculet et al., 1993; Rocklin et al., 
1999). Alternatively, ACC can be conjugated to a malonyl or glutamyl group, which limits the 
availability of ACC for ethylene production (Yang and Hoffman, 1984). 
Each of these proteins, SAM synthetase, ACS and ACO belong to a small or 
divergent gene family. For example, with the completion of the Arabidopsis genome sequence, 
thirteen different ACS isoforms have been detected, from which two are plausible 
pseudogenes for AT-ACS1 (Liang et al., 1992; http: www.arabidopsis.org). Thus, it can be 
assumed that every plant species has at least ten ACS genes. Nevertheless, the reasons for 
plants to carry multiple isoforms of the same gene, and the mechanisms of regulation of 
different gene expression in its biosynthesis are poorly understood. Most of the ACS isoforms 
are induced by cycloheximide (CHX), a protein synthesis inhibitor. Hence, this implicates that 
they are regulated by some labile repressor(s) (Liang et al., 1992). In turn, the labile nature of 
ACS transcripts implies that ACS protein levels can be regulated at the transcriptional level. 
However, ACS protein activity is also regulated by protein phosphorylation and 
dephosphorylation, and is therefore posttranslational (Spanu et al., 1994; Vogel et al., 1998; 
Tatsuki and Mori, 2001).  
The induction of ACS genes in ethylene biosynthesis depends on the developmental 
stage of the plant and environmental cues (Kende, 1993; Oetiker et al., 1997; Barry et al., 
2000). For example, ACS genes respond rapidly to stress factors such as O3. In tomato 
(Lycopersicum esculentum L.), O3 induced the expression of at least two ACS genes, LE-ACS2 
and LE-ACS6 (Tuomainen et al., 1997; Nakajima et al., 2001). LE-ACS6 transcript 
accumulation has been shown to increase within 1 h and decline thereafter, while continuous 
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transcript accumulation of LE-ACS2 has been observed after 2 h from the beginning of O3-
exposure (Moeder et al., 2002). In potato (Solanum tuberosum L.) two O3 inducible ACS genes, 
ST-ACS4 and ST-ACS5, function in tandem similarly as in tomato with a temporal, bi-phasic 
action (Schlagnhaufer et al., 1997). Barry et al. (2000) proposed a model in which the 
regulation of ACS gene expression occurs by two distinct interacting systems that initiate the 
transition of autocatalytic ethylene synthesis in tomato fruit. System 1 is associated with 
development. It is controlled by the expression of two ACS genes, LE-ACS1A and LE-
ACS6, which continue until the fruit has achieved the competence to ripen. Thereafter, 
transition occurs by a change in ethylene sensitivity and the expression of LE-ACS1A and 
LE-ACS4. This may promote system 2 and facilitate the autocatalysis of high ethylene-
dependent ethylene production with the expression of LE-ACS2, which has in addition a 
negative feedback effect on system 1.  
In contrast to ACS, ACO is commonly not regarded as a regulatory step in ethylene 
biosynthesis because it shows constitutive expression of the genes encoding those proteins in 
plants. However, it is assumed that ascorbic acid availability can regulate ACO and ethylene 
biosynthesis in vivo: ACO activity decreased in banana (Musa acuminata L.) fruit during the late 
ripening stages, but however, application of exogenous ascorbic acid and iron rescued ACO 
activity (Liu et al., 1999). Thus, these results suggest that ethylene biosynthesis can possibly be 
regulated by ACO via limited availability of its co-substrates. Furthermore, a regulatory role 
for ACO is proposed, since a fast O3 induction of ACO gene within 30 min in tomato, probed 
with a generic pTOM13 (a gene that hybridizes all of the ACO gene family members), 
displayed the fastest transcript accumulation in ethylene biosynthesis pathway (Tuomainen et 
al., 1997). Additionally, LE-ACO1 transcript accumulation was maintained at the high level 
after O3-exposure, while ACS activity decreased to the initial level. Therefore, Nakajima et al. 
(2001) suggested that ACO has a regulatory role in controlling the rate of ethylene 
biosynthesis. 
 
1.2.2. Ethylene perception and signaling 
 
The molecular genetic approach of studying Arabidopsis mutants identified with 
alterations in triple response phenotype has revealed several classes of mutants with reduced 
ethylene response (Guzman and Ecker, 1990; Ecker, 1995). The sensor domain of ethylene 
receptors form a membrane-associated structure. In current knowledge ethylene is perceived 
by a family of ethylene receptors that in Arabidopsis comprise five members which are ethylene 
resistant/ethylene receptor (ETR)1 (Chang et al., 1993), ETR2 (Sakai et al., 1998), ethylene 
response sensor (ERS)1 (Hua et al., 1995), ERS2 and ethylene insensitive (EIN)4 (Hua et al., 
1998). Ethylene receptors are related to bacterial histidine kinases, and are negative regulators 
of ethylene signaling. Binding of ethylene results in a specific down-regulation of the receptor 
activity, which represses ethylene responses in the absence of ethylene (Hua and Meyerowitz, 
1998). Ethylene receptors require copper as a cofactor for their biogenesis (Hirayama et al., 
1999). Ethylene perception can be attenuated with norbornadiene (NBD), a competitive 
inhibitor of ethylene receptors, or with 1-methylcyclopropene (MCP), which binds and 
inactivates ethylene receptors (Serek et al., 1995; Sisler and Serek, 1997). In Arabidopsis etr1-1 
and etr1-4 mutants, the dominant mutant alleles of the ethylene receptor completely eliminate 
ethylene binding, whereas in the etr1-3 mutant ethylene binding is considerably reduced. In the 
etr1-2 mutant ethylene binding is uncoupled from signal output by the receptor. These 
mutations may involve either interactions or competition between wild-type and mutant 
receptors for the downstream effectors (Chang et al., 1993; Hall et al., 1999). Moreover, 
genetic transformation of the dominant Arabidopsis etr1-1 mutant allele resulted in ethylene 
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insensitivity in petunia (Petunia × hybrida Vilm.), tomato (Wilkinson et al., 1997) and tobacco 
(Nicotiana tabacum L.; Knoester et al., 1998).  
The perceived ethylene signal is transduced downstream to the nucleus via a series of 
proteins including constitutive triple response (CTR)1 (Kieber et al., 1993), EIN2 (Alonso et 
al., 1999), EIN5, EIN6 and EIN7 (reviewed in Ecker 1995; Kieber, 1997; McGrath and 
Ecker, 1998). The CTR1 gene encodes a Raf-like serine/threonine protein kinase, thus 
suggesting the involvement of a mitogen-activated protein (MAP) kinase cascade as a negative 
regulator of the ethylene signaling pathway (Kieber et al., 1993). In the nucleus, EIN3 and 
EIN3-LIKE (EIL) proteins most likely initiate the expression of effected genes in response to 
ethylene (Chao et al., 1997). The targets of EIN3/EILs are DNA-binding genes encoding 
ethylene-responsive element-binding proteins (EREBPs), which further regulate ethylene 
inducible genes (Ohme-Tagaki and Shinshi, 1995; Suzuki et al., 1998; Fujimoto et al., 2000). 
The ethylene response circuit is presented in Figure 1.  
 
    
                                                                                                                                                         
 
 
A. SYNTHESIS                  B. PERCEPTION  
 
 
 
 
 
 
 
 
 
            
         
         
         
            
             
 
 
D. GENE INDUCTION                    C. SIGNAL TRANSDUCTION 
 
Figure 1. The ethylene response circuit.  
(A) Ethylene is synthesized by conversion of S-adenosyl methionine to ACC by ACC synthase, and further 
converted to ethylene by ACC oxidase. (B) Ethylene is perceived by a family of ethylene receptors that comprises 
five members. The sensor domain of ethylene receptors form a membrane-associated structure. Ethylene 
receptors require copper as a cofactor for the biogenesis. Most likely, ligand binding inhibits a kinase cascade, 
originated by autophosporylation of a histidine residue in the histidine kinase domain. The phosphate group is 
transferred to an aspartate residue in the receiver domain of the receptor, or shutteled to an asparate residue in 
the response regulator. CTR1 is regulated by receptor activity and is a Raf-like serine/threonine protein kinase. 
(C) CTR1 is presumably involved in mitogen-activated protein kinase (MAPK) cascade, MAP kinase kinase 
(MEK) as a substrate. Most probably, ethylene signal is transduced further downstream to the nucleus via series 
of proteins including EIN2, EIN5, EIN6 and EIN7. (D) In the nucleus, EIN3 and EIN3-LIKE (EIL) proteins 
most likely initiate the expression of effected genes in response to ethylene. The targets of EIN3/EILs are DNA-
binding genes encoding ethylene-responsive element-binding proteins (EREBPs), which further regulate ethylene 
inducible genes. This figure is adapted from Johnson and Ecker (1998). 
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1.2.3. Jasmonates and salicylic acid  
 
Jasmonates (JAs) are cyclopentanone compounds comprised of jasmonic acid (JA), 
methyl jasmonate (MeJA) and JA conjugates. JAs are derived from α-linolenic acid, which is 
converted by lipoxygenases (LOX) to hydroperoxy linolenic acid, and further catalyzed by 
allene oxide synthase (AOS) and allene oxide cyclase (AOC) to result in 12-oxophytodienoic 
acid (OPDA). As final reactions, three β-oxidation steps shorten the carboxyl chain to yield 
JA. JA can be further metabolized e.g. to MeJA. JAs are ubiquitous in plants, and these 
compounds are normally connected with insect herbivore and defense responses (McConn et 
al., 1997), wound responses (Creelman et al., 1992) and proper foliar lesion containment upon 
pathogen (Thomma et al., 1998) or O3 challenge (Overmyer et al., 2000). JAs also have a role 
in the control of developmental processes such as senescence (Herbers et al., 1994; Creelman 
and Mullet, 1995). Remarkably, JAs and ethylene may induce defense-related gene expression 
in a synergistic mode of action (Penninckx et al., 1998; Norman-Setterblad et al., 2000). 
However, JA-mediated gene expression can be also inhibited by ethylene (Shoji et al., 2000; 
Ellis and Turner, 2001).  
Benzoic acid (BA) is a direct precursor of salicylic acid (SA) and 4-hydroxybenzoic 
acid (4HBA). SA is a common plant phenolic compound and influences numerous 
physiological and biochemical processes in plants (Raskin, 1992). For example, SA can serve 
as a pro-death signal, which in turn potentiates amplification of radical production (Chen et 
al., 1993; Draper, 1997). The SA signal is also commonly associated with cell death in plant-
pathogen interactions (Malamy and Klessig, 1992), and is an important mediator in early 
responses to trigger genes encoding defenses against various biotic and abiotic stresses 
(Malamy et al., 1990; Delaney et al., 1994; Durner et al., 1997; Rao et al., 1997; Shirasu et al., 
1997; Glazebrook, 2001; Rao and Davis, 2001). Furthermore, SA is an essential signal for 
systemic acquired resistance (SAR), which confers tolerance against subsequent challenge of 
various plant pathogens (Métraux et al., 1990; Ward et al., 1991; Raskin, 1992; Godiard et al., 
1994). Unlike SA, ethylene has not been shown to have an essential role in development of 
SAR (Bent et al., 1992; Lawton et al., 1994; Lund et al., 1998). It is noteworthy that 
development of SAR in plants differs from the mammalian immune system since SAR is non-
specific to pathogen. SAR provides broad-spectrum protection against further infection by a 
wide variety of unrelated pathogens as well (Godiard et al., 1994; Dangl and Jones, 2001). In 
particular, SA can inhibit JA-mediated gene expression (Peña-Cortés et al., 1993; Harms et al., 
1998; Gupta et al., 2000), but however, JA can also inhibit SA responses, for example upon O3 
challenge (Rao et al., 2000).  
 
 
1.3. Mechanisms of O3 attack and common impacts on plants 
1.3.1. Plant antioxidant systems in response to enhanced stress  
 
Reactive oxygen species (ROS), such as superoxide (O2•¯), singlet oxygen, hydrogen 
peroxide (H2O2) and hydroxyl radical (OH•), are formed during the natural course of plant 
development and metabolism, as by-products of mitochondrial and chloroplastic electron 
transfer, lipid ß-oxidation, cell wall crosslinking and lignin formation (Noctor and Foyer, 
1998). Natural leaf senescence and formation of ROS have been associated also with oxidative 
stress (Thompson et al., 1987). Moreover, under stress conditions ROS formation is 
accelerated. Therefore, plants have evolved an efficient network to remove and detoxify 
excess ROS. Enzymatic antioxidant systems such as superoxide dismutase (SOD), catalase and 
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ascorbate peroxidase (APX), as well as non-enzymatic systems such as ascorbic acid (vitamin 
C), glutathione (GSH), α-tocopherol (vitamin E) are essential to scavenge ROS (Noctor and 
Foyer, 1998; Vanacker et al., 1998). GSH is usually present as the most abundant low-
molecular-mass thiol and is regarded as a key component in antioxidant defense in most 
aerobic organisms. GSH is reduced to glutathione disulfide (oxidized glutathione; GSSG) by 
glutathione peroxidase (GPX) reaction. GSSG can be further reduced and recycled by the 
NADPH-dependent reaction catalyzed by glutathione reductase (GR). Thus, in this system the 
ultimate antioxidant capacity is determined by the supply of reducing potential, NADPH. The 
major enzyme to generate NAPDH is glucose 6-phosphate dehydrogenase (G6PDH) that is 
the rate-limiting enzyme of the pentose phosphate pathway (Foyer, 1997; Foyer et al., 1997).  
 
1.3.2. O3 resembles pathogen attack and causes an oxidative burst 
 
It has been observed that plant-pathogen interactions cause an active and controlled 
oxidative burst and formation of self-propagating apoplastic ROS production in planta. ROS 
serve as signaling intermediates in programmed cell death (PCD), which is organized 
disassembly of cells, and in hypersensitive response (HR), which is localized cell death (Lamb 
and Dixon, 1997; Bolwell, 1999). Incompatible (avirulent) and compatible (virulent) plant-
pathogen interactions have several differences in respect to ROS. During incompatible 
interaction, the oxidative burst may kill the pathogen directly (Wu et al., 1995). Alternatively, 
oxidative burst may limit the spread of pathogen by mediating local cell death in infected plant 
cells (Greenberg et al., 1994; Tenhaken et al., 1995). Remarkably, in incompatible interaction 
two separate bursts of ROS are detected, while in compatible interaction only the first, initial 
burst can be observed. The second burst in incompatible interaction is required for cell death 
in HR. Thus, in incompatible responses infection is restricted to the level of single cells, 
whereas in compatible responses the pathogen multiplies and infection is not spatially limited. 
As a diffusible signal, ROS production further triggers signal transduction pathways in 
adjacent cells and activates genes encoding defense proteins and hormonal responses (Lamb 
and Dixon, 1997).  
Acute (high level, short-term) concentrations of O3 may induce cell death in a manner 
similar to that seen in plant-pathogen interactions (Kangasjärvi et al., 1994). O3 enters the 
plant via open stomata but is unlikely to have a direct physiological effect itself on the plant 
cell, since it rapidly reacts in apoplast with components of cell wall and membranes, and 
degrades to form ROS (Mehlhorn et al., 1990; Kanofsky and Sima, 1995; Langebartels et al., 
2002). O3-derived formation of these degradation products has been traditionally believed to 
alter redox status of plasma membrane and integrity of cell (Laisk et al., 1989; Heath, 1994). 
However, it has been recently shown that O3 may serve as an abiotic elicitor, which induces an 
active ROS production in planta and triggers PCD via activation of a controlled oxidative burst 
(Schraudner et al., 1998; Pellinen et al., 1999; Rao and Davis, 1999; Overmyer et al., 2000; 
Wohlgemuth et al., 2002), similar as in pathogen attack. It may provoke HR-like lesion 
formation via PCD in many plant species (Langebartels et al., 2002; Wohlgemuth et al., 2002). 
In silver birch (Betula pendula Roth), Pellinen et al. (1999) showed that within 2 h an O3 pulse 
induced H2O2 accumulation in the cell walls and plasma membranes of spongy mesophyll and 
palisade parenchyma cells. It was proposed that these events might further initiate PCD. 
Additionally, the timing of the first visible symptoms and mitochondrial H2O2 accumulation 
coincided with mitochondria disintegration of the matrix in cells at 48 h. In turn, blocking of 
H2O2 accumulation with various inhibitors reduced or abolished O3-induced cell death 
revealing an apparent connection between H2O2 formation and cell death.  
 15 
In contrast to its actions at acute concentrations, O3 at chronic (low level, long-term) 
concentrations accelerates senescence and/or causes chlorosis without visible lesion formation 
among several herbaceous plant species and in trees (Pell and Dann, 1991; Pell et al., 1997; 
Miller et al., 1999; Pell et al., 1999). Chlorosis represents a visible injury observed as a loss of 
chlorophyll. It has been suggested that O3-induced chlorosis is caused by photo-oxidation due 
to photoinhibition (Schreiber et al., 1978), and also, that low levels of ROS may provide an 
adequate signal to the nucleus and lead to increased oxidative stress in the chloroplast (Pell et 
al., 1997). This modest ROS formation might be scavenged by antioxidants, but the inherent 
decline in antioxidant levels may lead to accelerated senescence as the leaf ages (Pell et al., 
1997). Nevertheless, the overall mechanism of O3-derived accelerated senescence is not well 
established. Pell et al. (1997) proposed two alternative models that may affect plant cells 
depending on the severity of O3 stress, i.e. alterations due to chronic and acute O3-exposure. 
Both of them may cause multiple oxidation in the cell wall and plasma membrane. However, 
under chronic O3-exposure, ROS may be scavenged by antioxidants. On the other hand, O3 
may result in lipase activity and a reaction with plastidic monogalactosyl diglycerides. This 
reaction may provide free fatty acids as substrates for lipid peroxidation (Sakaki et al., 1994) 
and result in increase of ROS in chloroplast, degrade ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco), the enzyme fixing carbon dioxide, and ultimately accelerate 
senescence. In turn, acute O3-exposure may cause changes in membrane permeability and 
result in unregulated cell death. Alternatively, an acute O3 pulse may serve as an elicitor to 
nucleus, which may further trigger either PCD, or cell repair and cell protection processes. In 
both of these models, ethylene is coupled with photosynthetic decline and accelerated 
senescence under chronic O3 stress, or with PCD, cell repair and protection in response to 
acute O3 stress (Pell et al., 1997). 
In addition to PCD, O3 has been proposed to cause unregulated cell death via a passive 
chemical reaction between O3-induced ethylene and O3, which may lead into formation of 
water-soluble ROS and cause ethylene-signaling independent self-propagating lipid 
peroxidation (Mehlhorn and Wellburn, 1987). However, this phenomenon has been ignored in 
most of the studies as pathogen-induced cell death via HR and PCD is fairly reminiscent in 
response to O3. Moreover, O3-induced cell death in tomato and Arabidopsis has been shown 
not to result from a chemical reaction between ethylene and O3 (Bae et al., 1996; Tuomainen 
et al., 1997; Overmyer et al., 2000; Moeder et al., 2002). Furthermore, Grossmann (1996) 
proposed a mechanism for unregulated cell death in the situation, where ethylene evolution is 
strongly stimulated. HCN, the highly toxic by-product of ethylene biosynthesis is produced in 
plants from oxidation reactions of ACC by ACO. Normally plant tissues have ample capacity 
to detoxify HCN to β-cyanoalanine by β-cyanoalanine synthase (β-CAS), which is 
predominantly localized in mitochondria (Akopyan et al., 1975; Wurtele et al., 1985; Yip and 
Yang, 1988). Since ACO is a cytosolic enzyme in ethylene biosynthesis, this differential 
compartmentation of HCN release and detoxification can result in uneven intracellular 
distribution of HCN. Hence, HCN removal could be less efficient outside mitochondria and 
cause elevated HCN levels in cytoplasm and chloroplast, and may eventually cause 
unregulated cell death, for example, upon O3 challenge (Grossmann, 1996).  
 
 
1.3.3. Mechanisms of O3-induced decline in photosynthesis 
 
Even low ambient O3 concentrations may reduce net photosynthesis in the O3-
sensitive tree and crop species (Reich and Amudson, 1985). Rubisco is the major leaf protein 
in plants. In potato, O3 resulted in a decline in photosynthetic carbon fixation through loss of 
Rubisco activity, associated with a reduced concentration of Rubisco protein and diminished 
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photosynthetic capacity (Dann and Pell, 1989). Moreover, O3-induced early degradation of 
Rubisco mRNAs in potato was targeted to the nucleus-encoded rbcS, while the chloroplast-
encoded Rubisco large subunit (rbcL) was mainly affected in later stages during prolonged O3 
challenge (Reddy et al., 1993; Glick et al., 1995). Furthermore, in hybrid poplar (Populus 
maximowizii A. Henry × Populus trichocarpa Torr. & A. Gray) O3 has been suggested to induce 
time-dependent oxidative modification in Rubisco structure (Landry and Pell, 1993). Thus, 
most probably O3-induced loss of Rubisco contributes significantly to the accelerated 
senescence process (Pell et al., 1994). In addition to Rubisco, the levels of other 
photosynthetic gene transcripts like chlorophyll a/b-binging protein (CAB) declined in 
Arabidopsis after 6 days of chronic O3-exposure (Miller et al., 1999). Moreover, correlation 
between O3-induced ethylene and accelerated loss of Rubisco protein has been described in 
Arabidopsis; O3 induced AT-ACS6 gene expression, which was similarly detected within 4 to 6 
days of chronic O3-exposure (Miller et al., 1999). Nevertheless, the importance of ethylene in 
the regulation of accelerated senescence has remained to be resolved. In O3-sensitive tree 
genotypes, physiological O3 responses such as accelerated senescence, modification of 
Rubisco and depressed photosynthesis are frequently observed (Matyssek et al., 1991; Landry 
and Pell, 1993; Pääkkönen et al., 1997a; 1997b; Pell et al., 1999). In two hybrid poplar clones 
with different O3 sensitivities, O3-exposure depressed net photosynthesis in both genotypes. 
However, O3 reduced stomatal conductance only in the O3-tolerant clone (Koch et al., 1998). 
In trees the ultimate molecular mechanisms resulting in O3-induced decline in photosynthesis 
are not well established.  
 
 
1.4. Impact of ethylene, JA and SA in plant-pathogen interactions and O3 stress  
1.4.1. Plant - pathogen interactions 
 
The question if ethylene promotes more disease susceptibility or disease resistance in 
plant-pathogen interactions has been of interest. Availability of various ethylene-insensitive 
transgenic lines and/or mutants of Arabidopsis, tobacco and tomato has partially clarified the 
significant role of ethylene in plant-pathogen interactions. For example, ethylene-insensitive 
Arabidopsis ein2 or tomato Never ripe (Nr) mutants and ACC deaminase (ACD) ethylene-
underproducer lines expressing bacterial ACD, have attenuated symptom development when 
infected with compatible strains of Xanthomonas and/or Pseudomonas bacteria (Bent et al., 1992; 
Lund et al., 1998; Ciardi et al., 2000; O'Donnell et al., 2001). In contrast, ethylene-insensitive 
tobacco plants, carrying the dominant Arabidopsis etr1-1 mutant allele, lost nonhost resistance 
(i.e. in which the pathogen never causes disease) against soil-born fungi, Pythium spp. (Knoester 
et al., 1998). In line with this, loss of ethylene sensitivity in the Arabidopsis ein2 mutant cause 
increased susceptibility to infection by the necrotrophic fungus, Botrytis cinerea. This was 
proposed to result from absence of systemic induction of genes encoding plant defensin 
(PDF1.2), basic chitinase (PR-3) and acidic hevein-like protein (PR-4; Thomma et al., 1999). In 
turn, infection of tomato Nr mutant with incompatible strain of Xanthomonas did not affect 
resistance (Ciardi et al., 2000). Moreover, etr1-1 tobacco plants did not require ethylene 
perception for hypersensitivity when infected with tobacco mosaic virus (TMV) (Knoester et 
al., 1998). However, in tomato LeETR4 antisense plants representing an accelerated HR 
phenotype that show increased ethylene sensitivity (Tieman et al., 2000), enhanced defense 
response, and increased resistance were exhibited upon infection with incompatible 
Xanthomonas strain. In turn, blocking of ethylene perception with MCP alleviated the enhanced 
HR phenotype. Thus, these changes in incompatible pathogen response were most likely 
result of increased ethylene sensitivity (Ciardi et al., 2001).  
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As with ethylene, loss of JA signaling compromises resistance to nectrotrophic 
pathogens. The JA-insensitive Arabidopsis mutant, coronative insensitive1 (coi1), shows enhanced 
susceptibility to necrotrophic fungal pathogens Alternaria brassicicola and Botrytis cinerea but not 
to biotrophic Perenospora parasitica. Conversely, these necrotrophic pathogens caused an 
opposite response in Arabidopsis non-expresser of PR-proteins1 (npr1) mutant and in transgenic 
NahG plants, expressing a bacterial gene encoding SA-degrading salicylate hydroxylase 
(Thomma et al., 1998). Furthermore, accumulation of SA correlated with cell death in tomato 
plants infected with compatible Xanthomonas strain. However, the accumulation of SA was 
dependent on ethylene synthesis and action as ethylene-insensitive Nr mutant and transgenic 
ethylene-underproducer ACD plants did not accumulate SA. In addition, the level of SA, but 
not of ethylene, correlates with severity of disease symptom development and propagation of 
cell death (O'Donnell et al., 2001). The majority of studies show that ethylene has unclear or 
less significant role in plants challenged with incompatible pathogens. However, ethylene 
together with JA controls the amplitude and development of disease symptoms when infected 
with compatible and necrotrophic pathogens.  
 
1.4.2. O3 - plant interactions 
 
Plant genotypes with high O3-induced ethylene emissions have been shown to be 
more vulnerable to O3. This connection was first observed by Tingey et al. (1976), and has 
been detected correspondingly thereafter (e.g. Mehlhorn and Wellburn, 1987; Mehlhorn et al., 
1991; Wellburn and Wellburn, 1996). O3-induced ethylene promotes significant visible lesion 
formation (Overmyer et al., 2000). In O3-induced accelerated foliar senescence, ethylene is 
proposed to have two potential roles, either it is an essential factor to induce accelerated 
senescence response, or it may also act as a facilitator of O3-induced senescence, which 
enhance natural senescence process (Pell et al., 1997).  
ACS enzyme activity requires pyridoxyl phosphate, which is covalently bound to lysine 
at a SLSK motif. Therefore, ACS is sensitive to pyridoxyl phosphate inhibitors such as 
aminooxyacetic acid (AOA) and aminoethoxyvinylglycine (AVG). Treatments with these ACS 
biosynthesis inhibitors have been shown to reduce O3-induced cell death dramatically in many 
plant species (Mehlhorn and Wellburn, 1987; Mehlhorn et al., 1991; Schlagnhaufer et al., 1995; 
Wenzel et al., 1995; Tuomainen et al., 1997; Moeder et al., 2002). Similarly, inhibition of ACO 
activity with cobalt treatment decreased O3-induced cell death (Tuomainen et al., 1997). The 
role of ethylene signaling on O3-induced cell death is less well understood. In tomato, blocking 
ethylene perception with NBD strongly reduced O3-induced visible damage (Bae et al., 1996; 
Moeder et al., 2002). Furthermore, in the O3-sensitive radical-induced-cell death1 (rcd1) Arabidopsis 
mutant, NBD treatment after 4 h O3-exposure eliminated prolonged expansion of cell death. 
Similarly, the ethylene-insensitive ein2 Arabidopsis mutant did not show propagation of O3-
induced cell death in comparison with wild-type (Overmyer et al., 2000). However, O3 alone 
was able to trigger ROS formation and lesion initiation in ein2 mutant, but further superoxide 
accumulation was ethylene-dependent (Overmyer et al., 2000). Taken together, these results 
indicate that in tomato and Arabidopsis alteration of ethylene biosynthesis and perception have 
the same effect on O3 sensitivity. In contrast to previous studies, ethylene itself may also serve 
as a pro-survival, protective signal molecule. Ethylene-pretreated mung bean (Vigna radiata L.) 
and pea (Pisum sativum L.) were less sensitive to O3 (Mehlhorn, 1990). Thus, ethylene has been 
shown to serve as a stimulus to gain resistance, or conversely, is proposed to accelerate 
senescence and drive symptom development and breakdown of endogenous O3 tolerance.  
 JA is considered as a protective molecule under O3 stress and participates in the 
control of proper lesion containment of O3-induced cell death (Overmyer et al., 2000). 
Exogenously applied methyl jasmonate (MeJA) either prior or after O3-exposure decreased 
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extensively O3-induced foliar lesion formation in tobacco and Arabidopsis (Örvar et al., 1997; 
Overmyer et al., 2000). Therefore, JA is most likely able to antagonize O3-induced ethylene 
effect, even without reducing the rate of ethylene evolution (Overmyer et al., 2000). However, 
the question if endogenous, O3-induced JA in planta is capable of overriding ethylene effects 
remains open. Similarly with ethylene, SA is associated with O3-induced cell death. The highly 
O3-sensitive Arabidopsis Cvi-0 ecotype hyper-accumulates SA in response to O3 (Rao and 
Davis, 1999). Furthermore, Rao et al. (2000) demonstrated that in Arabidopsis JA antagonized 
both the SA pathway and O3-induced cell death. In trees, hormonal interactions upon O3 
challenge have been studied only in hybrid poplar. An O3-sensitive clone had presumably a 
defect in both JA and SA- signaling pathways, and therefore failed to activate defense 
responses (Koch et al., 1998, 2000).  
 
1.4.3. Similarities between plant-pathogen interaction and O3 responses 
 
Studies on the interplay among ethylene, JA and SA has been fairly intensive. 
Nevertheless, the mechanisms of interactions among these hormones remain poorly 
understood and are dependent on plant species and pathogen strain. Knowledge of 
interactions between ethylene and SA in response to pathogen and O3 stress is not well 
established. Rao and Davis (2001) proposed that O3-derived ROS modify the activity of SA 
induction, which in turn facilitates abundant ethylene production and cell death. However, 
O´Donnell et al. (2001) proposed that pathogen-induced SA in compatible interactions 
propagates cell death, but is first dependent on ethylene. In both of these models cell death is 
coupled with ethylene- and SA- accumulation. Furthermore, Berger (2001) suggested that 
nectrotrophic pathogens and O3 share arresting similarities. For example, ethylene and SA 
promote cell death, while JA, instead, controls the progress and attenuation of cell death. In 
Arabidopsis coi1 and jasmonate resistant1 (jar1) mutants that have impaired JA sensing, increased 
cell death facilitated the growth of fungal necrotrophic pathogen, Botrytis cinerea (Govrin and 
Levine, 2000). Similarly, in Arabidopsis the accumulation of O3-induced ethylene (Overmyer et 
al., 2000) and SA (Rao and Davis, 1999) were essential to promote cell death while JA was an 
integral compound in the containment of O3-induced lesions (Overmyer et al., 2000; Rao et 
al., 2000).  
 
 
1.5. Aspects affecting O3- sensitivity/tolerance in plants  
 The question of what determines O3- sensitivity or tolerance in various plant species 
or genotypes has been one of the central topics in O3 research. However, only a small number 
of common denominators have been found to date. Initially, the degree of O3 influx into the 
plant leaf may determine subsequent O3 responses. Thus, the number and size of stomata and 
the stage of their opening, i.e. stomatal conductance, may affect O3 uptake (Rich et al., 1970). 
High humidity may also affect O3 sensitivity through increased stomatal opening (McLaughlin 
and Taylor, 1981). However, results from studies concerning for example simultaneous O3 
and drought stress have been conflicting. The major part of these studies show that drought 
stress may protect from O3-induced foliar damage, possibly due to decrease in stomatal 
conductance and reduced influx of O3 into plant cells (e.g. Tingey and Hogsett, 1985; Le Thiec 
et al., 1994). 
Wellburn and Wellburn (1996) studied selections of six O3- sensitive and tolerant 
cultivars, clones or populations of herbaceous plant and tree species in respect to the 
accumulation of O3-induced ethylene, polyamines, total phenols, total and reduced ascorbate 
and glutathione. In this study, many significant differences were detected between various 
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pairs of O3- sensitive and tolerant plant species. In some of the O3-tolerant individuals, 
increased content of polyamines and total phenols was evident, while some individuals were 
able to form reduced ascorbate and glutathione more rapidly. Nevertheless, the only common 
denominator among various plant species was the degree of ethylene evolution. The O3-
sensitive selections produced more O3-induced ethylene, while in the O3-tolerant ones 
ethylene evolution was less affected. In turn, Wohlgemuth et al. (2002) studied O3-induced 
ROS production in the selections of five different crop and native plant species. The results 
showed that O3 triggered endogenous H2O2 and/or superoxide accumulation in the O3-
sensitive plants, thus amplifying direct effects of O3. It was also shown that the onset of cell 
death was tissue- and developmental stage-specific.  
As illustrated above, ethylene has a major role in O3 responses, both correlating with 
O3 sensitivity and determining the degree of cell death. However, it has been not well 
established, what regulates the rate and magnitude of O3-induced ethylene accumulation. To 
date, only a few possible explanations have been raised. Hypothetically, biosynthesis of 
polyamines could be antagonistic to ethylene biosynthesis, or vice versa, because of their 
interrelated biosynthetic pathways, SAM being a common precursor. Polyamines consist of 
diamine putrescine, polyamine spermidine and spermine (Apelbaum et al., 1985). Polyamines 
or conjugated polyamines may function as ROS scavengers due to their phenolic groups 
(Drolet et al., 1986; Bors et al., 1989). Arginine decarboxylase (ADC) is the key enzyme and 
the first step in the stress-induced alternative putrescine biosynthetic pathway. Langebartels et 
al. (1991) suggested that in tobacco the switch of between O3-induced ethylene and polyamine 
biosynthesis was the key physiological factor to determine the O3- sensitivity or tolerance in 
Bel W3 and Bel B cultivars, respectively. In potato, however, the accumulation of O3-induced 
ethylene and putrescine did not correlate either in acute- or chronic O3 exposures (Reddy et 
al., 1993). Furthermore, in birch the O3-sensitive clone produced more O3-induced free 
putrescine than the O3-tolerant clone (Tuomainen et al., 1996). Thus, most likely polyamine 
synthesis is not a common denominator to down-regulate ethylene in various plant species. 
 The stress biology of trees is not an intensively studied topic. In previous studies, 
certain birch and hybrid aspen (Populus tremula L. × P. tremuloides Michx.) or poplar genotypes 
have shown considerable sensitivity to O3. Typically, chronic O3 concentrations decrease net 
photosynthesis and accelerate foliar senescence in sensitive trees (Matyssek et al., 1991; 
Pääkkönen et al., 1997a; 1997b; Pell et al., 1999; Oksanen et al., 2001). In addition, episodes of 
elevated O3 and possible coincident interactions of other stresses, such as drought, may 
contribute to accelerated decline of trees. Nevertheless, the molecular mechanisms of O3-
induced decline in trees are poorly understood. In particular, there are only a few studies on 
hormonal interactions in response to oxidative stress in trees (Koch et al., 1998, 2000), and the 
role of ethylene in O3 sensitivity is unexplored. This study considered O3- and/or drought 
induced ultrastructural injuries, growth responses and photosynthetic alterations in silver 
birch. Arabidopsis, the model organism in plant science was studied to identify the O3 inducible 
ACS genes in ethylene biosynthesis. Moreover, relationships between ethylene, JA and SA, 
and O3-induced accelerated senescence and/or leaf damage in birch and hybrid aspen were 
explored in genotypes varying in their O3 sensitivity. The role of ethylene was elucidated in 
detail by transgenic ethylene-insensitive birch line and inhibitor treatments of birch and hybrid 
aspen. 
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2. AIMS OF THE STUDY 
My study addresses O3 responses in Arabidopsis, silver birch and hybrid aspen. 
Particular emphases were given to the effects of low, chronic concentrations of O3 on 
photosynthesis. Thus, the experimental designs were aimed to simulate natural environments. 
Two silver birch clones with different O3 sensitivities were studied to describe characteristic 
O3-related physiological and ultrastructural changes in response to chronic O3 challenge. In 
addition, birch clones were subjected to simultaneous O3 and drought stress since the 
accelerated yellowing and senescence of birch leaves require reliable indicators to separate the 
drought-induced changes from O3-specific ones. This would allow more reliable assessment of 
the impact of these stresses on birch forests. As noted, chronic O3 concentrations decrease net 
photosynthesis and accelerate foliar senescence in sensitive tree genotypes. However, the 
molecular bases for that are not well established. Especially, the role of ethylene is undefined 
in trees. In addition, it is poorly understood, if and how plants acclimate to chronic O3 stress. 
In trees, the long juvenile phase before reproductive development may require more specific 
and effective stress defense than in annual plants. Therefore, the roles of ethylene, JA and SA 
were elucidated in acclimation processes in two hybrid aspen genotypes. Furthermore, the 
impact of sudden O3 peaks frequently occurring in natural environments is mostly unexplored. 
Thus, hormonal responses were studied in hybrid aspen upon chronic O3 fumigation and 
sudden O3 elevation. As well, the intention was to establish a link between O3-induced stress 
ethylene evolution and alterations in photosynthesis. Moreover, O3 was used in birch as a 
probe to trigger signal transduction pathways in short-term, acute O3 fumigations, and to 
explore hormonal interactions in O3 stress. The role of ethylene is highly stressed.  
 
Specific aims were as follows:  
 
(1) To study and connect the ultrastructural changes in chloroplast with the 
photosynthetic alterations in response to chronic O3 fumigation in birch.  
(2) To dissect the effects of simultaneous O3 and drought stresses and to explore their 
interactions in birch. 
(3)  To identify the O3-induced Arabidopsis ACS genes responsible for stress ethylene 
biosynthesis. 
(4)  To determine the role of ethylene on accelerated senescence in chronic O3 fumigation, 
and to explore the roles of ethylene, JA, and SA on O3-induced cell death upon an 
acute O3 elevation in hybrid aspen. 
(5)  To explore in detail the role of O3-induced ethylene, JA and SA on cell death in birch 
genotypes with different O3 sensitivities, and in the ethylene-insensitive birch saplings.  
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3. MATERIALS AND METHODS 
 Materials and methods are described in more detail in each separate original 
publication/manuscript. This section provides only an outline of each experimental design, 
plant material and method used, which are indicated with Roman numerals for each 
publication/manuscript. 
 
3.1. Plant material and growth conditions 
Silver birch (Betula pendula Roth) and hybrid aspen (Populus tremula L. × P. tremuloides 
Michx.) clones were in vitro propagated, planted on soil (peat:sand:vermiculite 6:1:1) and grown 
in greenhouse conditions and further transferred to open-field conditions (I, II) or growth 
chambers (II, IV, V) for O3 and other treatments. Charcoal-filtered greenhouse conditions 
were used to cultivate Arabidopsis thaliana (ecotype Columbia wild-type) plants (III). Birch and 
hybrid aspen clones were allowed to acclimate in chamber conditions at least for four days 
prior to any treatment. Chamber conditions for birch saplings of the first and second growing 
season were with photoperiod of 22h light/2h dark, light intensity of 300 µmol m-2 s-1, 
temperature of 20/16 ºC (light/dark) and relative humidity of 50/70% (light/dark). Chamber 
conditions for hybrid aspen of the first growing season were with photoperiod of 22 h light/2 
h dark, light intensity of 300 µmol m-2 s-1, temperature of 19/12 ºC (light/dark) and relative 
humidity of 60/70% (light/dark). Saplings were tagged from the first fully expanding leaf 
from the apex, and designated as leaf number one (IV).  
 
3.2. Generation of transgenic, ethylene-insensitive birch  
 Ethylene-insensitive birch trees were created by transforming birch leaves with a 
construct (pCGN1547) carrying the dominant Arabidopsis ethylene receptor etr1-1 mutant 
allele. Five different birch clones (JR 1/4, V5834, 4212, K1659, E9678) were chosen for 
Agrobacterium-mediated (C58C1 pGV2260) transformation. The transformation was performed 
as cited (Lemmetyinen et al. 1998; V). Several transgenic lines were obtained in each clonal 
background.  Fifteen of these lines were shown to be ethylene-insensitive by their inability to 
abscise leaves in response to 50 µL L-1 of ethylene. Further verification was performed by 
Southern and northern analyses. The transgenic line, denoted BPetr1-1-35, in the O3-sensitive 
clone V5834 was chosen for the O3 experiments (V).   
 
3.3. O3 treatments 
 Birch saplings were exposed to chronic O3 concentrations under open-field conditions 
surrounded by gas-releasing perforated tubes. The treatments were performed at 
approximately 1.7- to 1.8 fold elevated O3 levels from the ambient concentration (I, II). Five-
week old Arabidopsis plants were treated with charcoal-filtered air or exposed to 350 nL L-1 of 
O3 for 2 or 6 hours. Plants were allowed to acclimate in continuously stirred tank reactors 
overnight before each O3 treatment (III). Hybrid aspen clones were treated with a single 8-h 
pulse of O3 with concentrations of 75, 112.5 and 150 nL L-1 of O3. In addition, hybrid aspen 
clones were predisposed with chronic O3 concentration, 75 nL L-1, in growth chambers for 8 
hours over 19 days, or alternatively, an acute 1.5-fold (112.5 nL L-1) O3 elevation was 
conducted after 9 days of chronic O3 fumigation (IV). Birch clones were treated with a single 
6 or 8-h pulse of 150 to 200 nL L-1 of O3 (V). 
 
3.4. Inhibitor treatments 
 To block ethylene biosynthesis in birch, the abaxial side of the leaves were sprayed 
with 1 mM AOA with 0.1% Tween 20 or 1.5 mM AOA with 0.05% Tween 20 (V). Ethylene 
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perception was blocked with MCP in a sealed growth chamber. Birch saplings were subjected 
to 300 nL L-1 of MCP for 12 h prior or after each O3 treatment (V). Chamber was carefully 
flow-through ventilated for 2 h thereafter before the onset of O3-exposure in order to avoid 
any chemical reactions between O3 and MCP. Hybrid aspen clones 51 and 200 were treated 
with MCP as described above, but the treatment was repeated daily or every two days under 
chronic O3-exposure (IV). JA biosynthesis was modified with 250 µM ibuprofen and was 
applied into saplings by immersing the cut base of stem in 500 ml containers with tap water 
for 14 h prior the onset of O3-exposure (in ''Results and discussion''). 
 
3.5. Chlorophyll, protein and Rubisco activity assays  
The chlorophyll (I, II) and soluble protein (II) concentrations in birch were 
determined by a spectrophotometer from an aliquot of the crude extract. Native Rubisco (I) 
was fractioned by 4% polyacrylamide gels (PAGE), and Rubisco small (rbcS) and Rubisco 
large (rbcL) subunits (I, II) were fractioned by 12% sodium dodecyl sulfate -polyacrylamide 
gels (SDS-PAGE) with known amount of purified spinach Rubisco standard in each gel. To 
quantify Rubisco (I, II) and soluble protein (I) content, gels were scanned with a Pharmacia 
ImageMaster program (I, II). Initial and total activity of Rubisco was determined by 
spectrophotometric assay (II). 
 
3.6. Gas exchange measurements 
The gas exchange in birch and hybrid aspen was conducted with either Li-Cor LI-6200 
(I, II) or LI-6400 (IV, V) Photosynthesis System. Stomatal conductance was measured with Li-
Cor LI-1600 Steady State Porometer (I, II). All the measurements with the LI-6200 model 
were made under saturating sunlight with photon flux density (PFD) higher than 1000 µmol 
m-2 s-1 (PAR) and with a supplementary halogen light when needed (Sylvania Professional, 
FTY/50W/8°). Leaf areas were determined with LI-3000-A Portable Area Meter (I, II). With 
the LI-6400 Photosynthesis system, a 6400-02B Red/blue LED light source was used with 
light intensity of 1000 µmol m-2 s-1 (PAR). Other parameters in the leaf chamber were as 
described (I, II, IV, V). 
 
3.7. Growth parameters  
 Birch saplings were measured for height, number of leaves, individual leaf size (mean) 
and foliage area (total leaf area) in the chronic O3-exposures. The relative growth rate (RGR) 
was calculated for each plant organ with the following formula: {[ln(final dry mass) – ln(initial 
dry mass)] / number of weeks} (I, II).  
 
3.8. Electron microscopy  
 For the ultrastructural studies, cross sections of birch chloroplast palisade and spongy 
mesophyll cells were photographed as described (I, II). 
 
3.9. Gene isolations 
 In order to attain gene specific cDNA probes for northern analysis, O3-cycloheximide- 
(CHX), CuCl2- or non-treated total RNA or poly A+ mRNA was used as a template in first 
strand synthesis and the yielded product in subsequent PCR reactions (III, IV, V). Gene 
specific degenerate oligonucleotide primers were used or designed based on conserved 
heterologous amino acid sequence regions with BLAST query in NCBI GenBank sequence 
database (http://www.ncbi.nlm.nih.gov/; IV, V). All the cDNA ligations, transformations and 
other cloning processes were conducted as described (Sambrook et al., 1989).  
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3.10. Southern and northern analyses 
 DNA was isolated for Southern analysis as described (V). Isolated DNA was 
fractioned via 1% agarose gels, capillary blotted onto nylon membrane and hybridized with an 
appropriate α-32P-dCTP-labelled cDNA probe. Membranes were washed under high 
stringency conditions (V). 
Total RNA was extracted either with RNeasy Plant Total RNA Kit (III) or by lithium 
chloride precipitation (IV, V). RNA concentration, yield and quality were quantified with 
spectrophotometer by measuring absorption at A260, A280 and/or A300. For northern analyses, 
RNA was fractioned via denaturating 1% formaldehyde agarose gels and capillary blotted onto 
nylon membrane. Membranes were hybridized with an appropriate α-32P-dCTP-labelled 
cDNA probe. Membranes were washed under high stringency conditions (III, IV, V). To 
normalize loading of each individual lane in gel or in macroarray, the membranes were 
hybridized with a pea (III) or birch 18S rDNA probe (IV, V). Hybridization signals were 
quantified with a phosphor imager and image analysis software (IV, V).  
 
3.11. Library screening 
 BP-ACS1 promoter sequence was isolated from a genomic λ-FIX (Stragene, La Jolla, 
USA) library of birch. Library was plated as described (Sambrook et al., 1989), after birch 
ACS1 cDNA-fragment was 11-dUTP digoxigenin labeled with High Prime (Boehringen 
Mannheim GmbH, Germany) random-priming labeling system. Plaque hybridization and 
detection was conducted according to manufacturer's instructions (Boehringen Mannheim). 
Obtained positive plaques were purified and cloned into pBluescript SK(+/–) vector 
(Stratagene) as described in Sambrook et al. (1989). Cloned and sequenced promoter sequence 
was used to design specific primers to isolate BP-ACS1 promoters from birch clones with 
different O3 sensitivities (in ''Results and discussion''). 
 
3.12. Glutathione analysis 
 Reduced and oxidized forms of glutathione were measured by using a high 
performance liquid chromatography (HPLC) as described (IV). 
 
3.13. Hormone determinations 
 Ethylene evolution was measured from 1 ml air samples by a flame-ionized gas 
chromatograph as described (III, IV, V). JA and SA were extracted as described, and 
quantified by a gas chromatography - mass spectrometry (GC-MS; IV, V). 
 
3.14. Cell death quantification 
 
O3-induced cell death was quantified as ion leakage. The same leaves used for ethylene 
determination were immediately moved into a proper amount of 18.2 mOhm water and 
shaken at 300 rpm for 80 min (IV, V). Ion leakage was measured with a Mettler conductivity 
meter. Total ion content was determined after killing the leaves by boiling and the final ion 
leakage was expressed as % of total ions (IV, V).  
 
3.15. Sequence analyses 
 
The cloned cDNAs and BP-ACS1 promoters were cycle sequenced with T3 and T7 -
primers on an ALF Sequence Analyser (Version 2.0) at the A. I. Virtanen Institute, University 
of Kuopio or at the Institute of Biotechnology, University of Helsinki. The alignments of 
complementary strands between each cDNA, the similarity studies within sequenced samples 
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and with other known published sequences were analyzed by the NCBI GenBank Sequence 
Database and by the Clustal W Multiple Sequence Alignment -program (Thompson et al., 
1994; http://www2.ebi.ac.uk/clustalw/; III, IV, V). 
The phylogenetic analysis of various ACS amino acid sequences was conducted with 
MEGA (Molecular Evolutionary Genetics Analysis, version 1.01) software (in ''Results and 
discussion''). The promoter sequences of BP-ACS1 in various birch clones were analyzed with 
a PLACE (http://www.dna.affrc.go.jp/htdocs/PLACE/) and with a PlantCARE 
(http://sphinx.rug.ac.be:8080/PlantCARE/index.htm) -programs (in ''Results and 
discussion'').  
 
3.16. Statistical analyses 
 The Student's t-test was used to test differences in growth, parametric ultrastructural 
characteristics and photosynthetic parameters between control and O3-treated birch saplings 
(I). Nonparametric Mann-Whitney U-test was used for relative amounts of Rubisco subunits 
between treatments (I). ANOVA was used to detect significant differences among clones and 
treatments. Multiple comparisons of individual means and levels of factors were analyzed with 
Tukey's honestly-significant-difference (HSD; I, II, V) or Dunnett's 2-tailed test (IV). 
Correlations were analyzed with nonparametric Spearman's ρ test (V).  Analyses were 
conducted with SPSS (version 11.0 or later) software package. All the statistical differences 
were considered significant at the level of P<0.05. 
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4. RESULTS AND DISCUSSION 
 It has been questioned, if the recent increase in ambient tropospheric O3 
concentration has an influence on growth in the natural forest stands, and if so, what are the 
mechanisms of growth reduction? The increase of tropospheric O3 during the past hundred 
years has been a quite recent event and therefore most likely trees have not been able to adapt 
to the elevated O3 concentrations. This study considered O3 responses in relation to 
photosynthesis and/or plant hormones ethylene, JA and SA in chronic and acute O3 
fumigations. Similarly, the roles of ethylene, JA and SA were studied in response to acute O3 
elevation to mimic high O3 episodes that frequently occur in the natural environments. To 
explore if ethylene renders in birch more O3 susceptibility or resistance, and the processes 
affected by ethylene, an Arabidopsis etr1-1 mutant allele was transformed in birch. In addition, 
ethylene responses were studied by blocking ethylene perception with MCP in birch and 
hybrid aspen. As the main result, ethylene was found to have a primary role to contribute to 
accelerated senescence and cell death, but surprisingly, also to arrest cell death.   
 
 
4.1. O3 elicits rapid expression of ethylene biosynthesis genes 
 For many plant species, rapid activation of the ethylene biosynthesis and signaling 
pathway via genes encoding ACS is a central event in the O3 stress (Schlagnhaufer et al., 1997; 
Tuomainen et al., 1997; Moeder et al., 2002). The ACS multigene family in plant species 
comprises several isoforms, which are differently expressed upon developmental and 
environmental cues. It is not known, why plants carry multiple genes for single enzyme, but 
perhaps this variance allows well-defined responses to various cues, both developmental and 
environmental (Kende, 1993). ACS is considered as the rate-limiting enzyme in ethylene 
biosynthesis, and therefore has an integral role to stimulate ethylene production.  Hence, 
several ACS cDNAs were cloned for this study; one from Arabidopsis (III), two from hybrid 
aspen (IV) and three from birch (V). To study the similarities and relationships among these 
cloned cDNAs and other known ACS genes in different plant species, eleven Arabidopsis, 
seven tomato, five potato, three birch, two hybrid aspen and Populus euphratica Oliv. ACS 
amino acid sequences were analyzed, and a phylogenetic tree was constructed. ACS genes 
formed three major clusters (Figure 2). The reported O3 inducible genes were clustered 
together; the potato and tomato early and late O3 inducible ACS genes, as well as birch, hybrid 
aspen and P. euphratica ACS genes formed two firm clusters. However, as seen in Figure 2, O3 
inducible Arabidopsis AT-ACS6 (III) did not cluster with any other known O3-responsive ACS 
gene(s) from different plant species. Therefore, regardless of the fact that Arabidopsis is the 
model organism in plant science, it is plausible that only one O3 inducible ACS gene exists in 
it. This differs from many other plant species such as birch (V), hybrid aspen (IV), potato and 
tomato, where at least two O3 inducible ACS genes have been reported so far (Schlagnhaufer 
et al., 1997; Tuomainen et al., 1997; Nakajima et al., 2001). However, phylogenetic analysis 
does not exclude the possibility that another O3 inducible ACS gene(s) exists in Arabidopsis, 
especially as ACS transcripts are low in their abundance and difficult to detect by conventional 
northern analysis. 
In Arabidopsis, accumulation of the AT-ACS6 transcript in response to a single O3 
pulse was detected within 30 min, attained the maximum at 1 to 1.5 h and declined thereafter 
(III). The other ACS genes that were known at the time, AT-ACS1, AT-ACS2, AT-ACS4 and 
AT-ACS5 (Liang et al., 1992), were not O3 inducible (III). Arabidopsis AT-ACS6 is a multi-
responsive gene. Besides O3 (III), it is induced by touch, wounding, IAA, LiCl, NaCl, CuCl2, 
CHX, AOA and ethylene (Arteca and Arteca, 1999). Although O3 and touch are fairly 
dissimilar stimuli, they may elicit shared signal transduction pathway, since both are associated 
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with calmodulin-dependent movement of calcium (Castillo and Heath, 1990). In birch, the 
abundance of BP-ACS1 and BP-ACS2 transcripts was increased in response to a single 8-h O3 
pulse, whereas birch BP-ACS3 was expressed constitutively in leaves and did not accumulate 
in response to O3. BP-ACS1 displayed the most substantial transcript accumulation in O3-
sensitive birch clones where the maximum was attained at 4 to 8 h, while in turn, BP-ACS2 
showed a modest and late transcript accumulation at 8 h (V). The two ACS genes from hybrid 
aspen, PT-ACS1 and PT-ACS2, were induced concomitantly upon 8-h of O3 challenge and 
attained the maximum at 6 to 8 h, depending on the O3 concentration (IV). Remarkably, AT-
ACS6 transcript and ethylene levels declined already after 1.5 h, regardless of continuation of 
O3-exposure (III). This differs from O3-induced ACS genes in birch and hybrid aspen, since 
the accumulation of these transcripts coincided with the extent of O3-exposure (IV, V). In 
birch, the O3-induction of BP-ACS2 showed a supplementary role to BP-ACS1. However, 
despite the modest O3 induction of BP-ACS2, it may have an essential role to strengthen 
ethylene production and affect O3 sensitivity; BP-ACS2 transcript accumulation was abundant 
only in the O3-sensitive clone V5818 (V). In O3-exposed potato (Schlagnhaufer et al., 1997) 
and tomato (Moeder et al., 2002), a bi-phasic gene expression has been described. Two ACS 
genes functioned as the early and late O3 inducible genes. Thus, the results in this study 
suggest that in Arabidopsis, birch and hybrid aspen the gene expression of O3-induced ACS 
differs from the sequential ACS gene expression patterns reported in potato and tomato. 
 
                                                           ┌──── LE-ACS1A  
                                             ┌─────────────┤ 
                                             │             └──── LE-ACS1B 
                                       ┌─────┤ 
                                       │     │            ┌───── LE-ACS6 
                                       │     └────────────┤ 
                                  ┌────┤                  └───── ST-ACS5 
                                  │    │ 
                                  │    │ ┌────────────────────── BP-ACS1 
                                  │    │ │ 
                                  │    └─┤                  ┌─── PT-ACS1 
                                 ┌┤      └──────────────────┤ 
                                 ││                         └─── PE-ACS2 
                                 ││ 
                               ┌─┤├───────────────────────────── AT-ACS6 
                    ┌──────────┤ ││ 
                    │          │ ││  ┌────────────────────────── AT-ACS1 
                    │          │ ││  │ 
                    │          │ ││  │    ┌───────────────────── BP-ACS2 
                    │          │ │└──┤    │ 
                    │          │ │   └────┤               ┌───── PT-ACS2 
                    │          │ │        └───────────────┤ 
                    │          │ │                        └───── PE-ACS2 
                    │          │ │ 
                    │          │ │      ┌─────────────────────── LE-ACS4 
                    │          │ │      │ 
                    │          │ └──────┤                  ┌──── LE-ACS2 
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    ─┤              │          │ 
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     │              │ 
     │              │                        ┌────────────────── BP-ACS3 
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     │              │   ┌────────────────┤   └────────────────── ST-ACS2 
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     │                                     │             ┌────── AT-ACS5 
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     │                                                   └────── AT-ACS9 
     │ 
     │         ┌──────────────────────────────────────────────── AT-ACS12 
     └─────────┤ 
               └──────────────────────────────────────────────── AT-ACS10 
 
 
In tomato, ACO has been proposed to have a regulatory role in ethylene biosynthesis 
due to rapid activation of ACO gene (Tuomainen et al., 1997). Similarly, BP-ACO2 in birch 
displayed one of the fastest responses among the transcripts involved in ethylene biosynthesis. 
Furthermore, while BP-ACO1 seemed to mainly regulate constitutive levels of ACC, it was 
already down-regulated within 1 h in response to acute O3-exposure, opposing the up-
regulation of BP-ACS1 (V). Thus, also in birch ACO may be considered as a likely candidate 
to control the rate and feedback regulation of ethylene biosynthesis.  
Figure 2. Phylogenetic (UPMGA) analysis of the
ACC synthase (ACS) amino acid sequences from
Arabidopsis thaliana, birch (Betula pendula Roth),
hybrid aspen (Populus tremula L. × P. tremuloides
Michx.), Populus euphratica Oliv., potato (Solanum
tuberosum L.) and tomato (Lycopersicum esculentum
L.).  
ACS genes formed three firm clusters and the
ozone inducible ACS isoforms were clustered
together. Furthermore, the tomato and potato
early and late ozone inducible isoforms were
clustered together. As well, ACS genes from the
tree species formed two clusters. However, the
Arabidopsis AT-ACS6 did not cluster with any
other known ozone inducible isoform. The
phylogenetic analysis of various ACS amino acid
sequences was conducted with MEGA
(Molecular Evolutionary Genetics Analysis,
version 1.01; Kumar et al., 1993) software.
Known, reported ozone inducible ACS isoforms
are marked with bold letters and underlined.  
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4.2. Both ethylene and SA promote O3-induced lesion formation 
4.2.1. Extensive ethylene evolution correlates with O3-induced cell death 
 
The amount of O3-induced stress ethylene formation has been shown to correlate with 
O3 sensitivity in various plant species (Mehlhorn and Wellburn, 1987; Langebartels et al., 1991; 
Mehlhorn et al., 1991; Wellburn and Wellburn, 1996; Tuomainen et al., 1997; Overmyer et al., 
2000). In O3-treated Arabidopsis, O3-sensitive birch and hybrid aspen genotypes, increases in 
ACS transcript accumulation, ethylene evolution and cell death were well correlated (III, IV, 
V). Correspondingly, blocking of ethylene biosynthesis in birch abolished O3-induced cell 
death (V). This suggests an important involvement of ethylene to promote cell death. In 
hybrid aspen, chronic pre-treatment with O3 and an acute O3 elevation thereafter caused an 
increase in ethylene levels and visible lesion formation only in the O3-sensitive clone 51. In 
contrast, the O3-tolerant clone 200 did not respond to sudden O3 elevation, i.e. displayed 
neither increased ethylene evolution nor visible lesion formation (IV). Thus, consistent with 
other studies, abundant ACS transcript accumulation and/or O3-induced ethylene evolution 
correlated with cell death in Arabidopsis and with O3 sensitivity in birch and hybrid aspen. On 
the other hand, in birch the fast and fine-tuned kinetics of BP-ACS1 and BP-ACO2 gene 
expression and/or ethylene production within 0.5 to 2 h in wild-type clones E9702 and K1898 
correlated with enhanced O3 tolerance (V). Thus, ethylene may also have a pro-survival role 
depending on the temporal pattern of biosynthesis. In mung beans and peas, pre-treatment 
with ethylene prior to the O3-exposure promoted O3 tolerance and decreased H2O2 formation 
(Mehlhorn, 1990); O3 tolerance may require an adequate level of transient ethylene induction 
at the intensity where it does not exceed the rate to induce spreading cell death. In the O3-
sensitive clone V5818, the timing and degree of O3-induced ethylene accumulation was most 
likely beyond the limit to provide protection against O3 challenge (V). Therefore, O3-induced 
ethylene may have a dual role; it can either serve as a mediator of survival or cell death. 
 
4.2.2. Ethylene insensitivity modifies O3-induced cell death  
 
The impact of ethylene signaling on O3-induced cell death was studied by transgenic, 
ethylene-insensitive, birch line BPetr1-1-35 carrying the dominant Arabidopsis ethylene receptor 
etr1-1 mutant allele (V). ETR1 is a negative regulator of ethylene response pathway and is 
probably the most central member among ethylene receptor family. Genetic transformation of 
the dominant Arabidopsis etr1-1 mutant allele has been shown to result in ethylene insensitivity 
in petunia, tomato and tobacco (Wilkinson et al., 1997; Knoester et al., 1998). Hypothetically, 
ethylene-insensitivity in birch may strongly enhance O3 tolerance. In the Arabidopsis rcd1 
mutant (Overmyer et al., 2000) and tomato plants (Bae et al., 1996; Moeder et al., 2002) 
blocking of ethylene perception with NBD protected from O3-induced cell death. 
Correspondingly, the ethylene-insensitive Arabidopsis ein2 mutant showed enhanced O3 
tolerance (Overmyer et al., 2000). Interestingly, disrupted ethylene binding in the BPetr1-1-35 
line did not display greatly enhanced O3 tolerance in response to a 6-h O3 pulse, although 
visible cell death and ion leakage was reduced (V). The degree of ethylene insensitivity was 
further confirmed by MCP treatment. As a result, MCP treatment reduced visual damage by 
32% in the wild-type clone V5834 while the line BPetr1-1-35 was unaffected. In other words, 
the line BPetr1-1-35 achieved prominent ethylene insensitivity by transformation of Arabidopsis 
etr1-1 mutant allele, but nevertheless, disrupted ethylene perception did not provide greatly 
enhanced O3 tolerance (V).  
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The respective role of ethylene signaling on O3-induced cell death was further studied 
in wild-type birch (V) and hybrid aspen (IV) clones by MCP treatments to block ethylene 
perception. Similar to the transgenic birch line, blocking ethylene perception with MCP in 
birch clones correspondingly resulted in visible lesion formation, which was reduced and 
mainly restricted in the level of single cells. Measured by ion leakage, leaves with blocked 
ethylene perception did not display O3-induced cell death during a 6-h O3 pulse, while the 
production of O3-induced ethylene was at the same level as in the control saplings. To 
confirm that possible residual MCP in cells did not react with O3 and cause any unknown 
effects, birch clones V5818 and K1898 were treated with MCP immediately after a 6-h O3 
pulse. As a result, blocked ethylene perception did not prevent birch clones from O3-induced 
visible damage either, but again visual observations showed that the lesion formation was 
reduced (V). In hybrid aspen, blocking ethylene perception caused severe necrotic cell death in 
the O3-sensitive clone 51 after 9 days of chronic O3 fumigation and acute 1.5-fold O3 elevation 
thereafter, while saplings that received only O3 elevation displayed considerably less cell death. 
Therefore, ethylene signaling had also a central role to alleviate O3-induced cell death. In turn, 
blocking of ethylene perception protected from O3-induced cell death under continuous 
chronic O3 fumigation for 19 days (IV). In birch, the disrupted ethylene binding by etr1-1 
transformation alleviated O3-induced cell death, despite the likely hypothesis that the pre-
existing, ethylene-dependent defenses were attenuated. Furthermore, blocking of ethylene 
perception with MCP prior O3 treatment most likely attenuated O3 inducible defense 
mechanisms, but however, cell death was still diminished. In addition, MCP treatment after 6-
h O3 pulse also reduced cell death (V).  
All these three different observations in birch suggest that ethylene was required to 
promote cell death at the time of lesion development. It is noteworthy that also in two hybrid 
aspen genotypes with the different O3 sensitivities the glutathione antioxidant system did not 
have a significant role in determining O3 tolerance (IV). Thus, O3-induced lesion formation 
was most likely dependent on hormonal responses rather than ethylene-dependent antioxidant 
defenses. However, in contrast to birch and hybrid aspen, the highly O3-tolerant Arabidopsis 
ein2 mutant displayed minimal O3-induced cell death, and similarly, blocking of ethylene 
perception in the O3-sensitivite rcd1 mutant abolished O3-induced cell death (Overmyer et al., 
2000). In addition, blocking of ethylene perception with NBD in Arabidopsis and tomato 
abolished O3-induced cell death (Bae et al., 1996; Overmyer et al., 2000). Thus, the dissimilar 
mode of ethylene-dependent cell death in trees is intriguing. Perhaps, this is at least partially 
due to general O3 tolerance of Arabidopsis compared to trees since cell death has been 
observed also in ein2 in response to extreme concentrations of O3 (Tuominen et al., 2002). 
Taken together, in trees ethylene has presumably multiple roles depending on severity and 
length of O3 stress; either it promotes accelerated senescence or cell death, but on the other 
hand, ethylene-dependent processes are also required to protect trees from severe cell death 
upon acute O3 elevation. 
 
4.2.3. Blocking of ethylene biosynthesis abolishes O3-induced cell death 
 
In birch, disrupted ethylene binding or blocked ethylene perception did not provide 
greatly advanced O3 tolerance. To further determine if functional ethylene biosynthesis and/or 
non-perceived ethylene affects O3 sensitivity in the presence of ethylene insensitivity, 
transgenic BPetr1-1-35 birch line was treated with AOA to block ethylene biosynthesis. As a 
result, blocking ethylene biosynthesis reduced cell death significantly in BPetr1-1-35. Similarly, 
blocking ethylene biosynthesis abolished O3-induced cell death in the O3-sensitive wild-type 
clone V5818 (V). Taken together, these results suggest that ethylene-dependent cell death 
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upon O3 challenge was modified by ethylene insensitivity, and that a system downstream of 
ACS and upstream of ethylene receptors was affecting cell death in ethylene-insensitive birch. 
Thus, it is likely that in ethylene-insensitive birch the functional ethylene biosynthesis 
contributing to non-perceived ethylene and/or ethylene insensitivity itself provoked adverse 
effects under high O3 stress.  
 
4.2.4. Simultaneous ethylene insensitivity and biosynthesis may have adverse effects 
 
Three possible explanations for the O3-induced cell death in ethylene-insensitive trees 
can be proposed. First, as suggested earlier by Mehlhorn and Wellburn (1987), ethylene may 
react with O3, form water-soluble and highly reactive ROS, and eventually trigger unregulated 
cell death. However, in tomato and Arabidopsis the cause of O3-induced cell death was not due 
to chemical reaction between ethylene and O3 (Bae et al., 1996; Tuomainen et al., 1997; 
Overmyer et al., 2000; Moeder et al., 2002). Therefore, this possibility is unlikely also in birch 
and hybrid aspen.  
Second, Grossmann (1996) proposed that highly stimulated ethylene biosynthesis may 
provoke cell death via simultaneous synthesis of toxic HCN, a by-product of ethylene 
biosynthesis. In the ethylene-insensitive birch, the function of β-CAS, the enzyme responsible 
for HCN detoxification, was possibly disrupted. Upon ethylene treatment, abundance of BP-β-
CAS transcript accumulation in the wild-type clone V5834 increased approximately 16-fold 
from the initial level after 24 hours, but however, in the ethylene-insensitive BPetr1-1-35 β-
CAS expression was greatly attenuated. Similarly, upon the O3-exposure β-CAS transcript 
accumulation declined in BPetr1-1-35 and in wild-type birch with blocked ethylene perception 
(V). These observations indicate that the appropriate regulation of β-CAS requires functional 
ethylene signaling. Ethylene insensitivity does not decrease ethylene biosynthesis, and thus, the 
produced HCN concomitant with a defect of its removal may have been the cause of O3-
induced cell death. In addition to HCN, O3-induced cell death may also relate to the ROS 
formation in the mitochondria. It has been shown that the cyanide-resistant respiration 
decreased mitochondrial ROS formation in cultured tobacco cells via alternative oxidase 
(AOX; Maxwell et al., 1999). In addition, it has been shown that in the Arabidopsis etr1-1 
mutant AOX activation required ethylene signaling (Simons et al., 1999). Noteworthy, the 
AOX gene is also induced by ROS such as H2O2 (Robson and Vanlerberghe, 2002). In birch, 
when the subcellular compartmentalization of O3-induced H2O2 formation was studied, 
increased ROS accumulation and coinciding cell death was observed in the mitochondria 
(Pellinen et al., 1999). Therefore, attenuated induction of the cyanide-resistant respiration 
together with defective HCN removal in ethylene-insensitive plants may result in increased 
ROS production in the mitochondria, which could be involved in the regulation of cell death. 
However, ethylene insensitivity and the likely defect in HCN removal may not be related 
directly to O3 tolerance since it can be interpreted as a side effect of ethylene insensitivity. As 
demonstrated by Overmyer et al. (2000), O3-induced lesion formation in Arabidopsis covers 
two distinct processes; lesion initiation and propagation. Shown by the rcd1 ein2 double 
mutant, O3 alone triggered ROS production and cell death, but the lesion propagation via 
PCD was dependent on ethylene signaling. Thus, high ethylene synthesis could lead to 
initiation of cell death, which is dependent on ethylene biosynthesis via HCN production.  
Third, the O3-sensitive birch clones and hybrid aspen clone 51 may have employed 
ethylene-dependent processes to overcome oxidative stress, and therefore were dependent on 
functional ethylene signaling in the high O3 challenge. Taken together, the cause of O3-
induced lesion formation in ethylene-insensitive trees was most likely due to defect in HCN 
removal and/or ethylene-dependent processes, such as defenses.  
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4.2.5. O3-induced SA accumulation contributes also to cell death  
 
The highly O3-sensitive Arabidopsis ecotype Cvi-0 hyper-accumulated O3-induced SA 
(Rao and Davis, 1999). Accordingly, the O3-sensitive hybrid aspen clone 51 showed O3-
induced SA accumulation and cell death when treated with chronic O3 fumigation and acute 
1.5-fold O3 elevation on day 10. In contrast, the O3-tolerant clone 200 was unaffected in 
response to O3 elevation. The difference in O3-dependent lesion formation between these 
clones was not due to reduced glutathione antioxidant capacity, as the changes in the cellular 
redox-balance were not distinct. The O3-sensitive clone 51 displayed an O3-induced lesion 
phenotype similar to PCD-dependent phenotype of the O3-tolerant hybrid poplar clone NE-
245. In turn, with blocked ethylene perception, clone 51 showed a lesion phenotype 
reminiscent of the O3-sensitive hybrid poplar clone NE-388 (Koch et al., 2000; IV). In studies 
of hybrid poplar and Arabidopsis, two distinct mechanisms of O3-induced lesion formation 
have been proposed; either by activation of PCD or by necrosis (Rao and Davis, 1999; Koch 
et al., 2000). SA-dependent HR-like cell death is believed to be a case of PCD, DNA 
fragmentation as a characteristic indicator of it (Chen et al., 1993; Draper, 1997). In response 
to O3 and pathogen-treatment, the O3-tolerant hybrid poplar NE-245 showed a clear PCD, in 
contrast to the O3-sensitive clone NE-388 (Koch et al., 2000). However, blocking ethylene 
perception in hybrid aspen clone 51 caused O3-induced necrotic lesions similar to the lesions 
in the O3-sensitive hybrid poplar clone NE-388 (Koch et al., 2000; IV). This suggests that 
ethylene-dependent, rather than SA-dependent responses had an integral role in the alleviation 
of cell death and that ethylene may have a central role in the control of PCD.  
 
 
4.3. O3 decreases net photosynthetic capacity  
4.3.1. O3 alters photosynthetic apparatus 
 
 To determine the effects of chronic O3 fumigation on photosynthesis, growth and 
ultrastructural changes, birch clone 36 (denoted as clone B in paper I, and clone 5 in paper II) 
and clone V5952 (denoted as clone C in paper I, and clone 2 in paper II) were exposed to 
chronic, approximately 1.7-fold elevated O3 concentrations under open-field conditions for 
one growing season. The main O3 effects in clone 36 were reduced content of Rubisco, 
depressed net photosynthesis, altered chlorophyll a/b ratio and decreased foliage area, while 
clone V5952 was unaffected in these parameters. Landry and Pell (1993) proposed that in 
hybrid poplar the O3-induced reduction in Rubisco specific activity is modified in a manner 
that decreases its structural function before loss of enzyme concentration. This result does not 
support the hypothesis that O3 decreases Rubisco activity via the induction of proteases and 
Rubisco degradation. Noteworthy, O3 treatments were conducted with the isolated 
chloroplasts of hybrid poplar. Interestingly, in birch clone 36 chronic O3 fumigation decreased 
the proportion of rbcS protein within the total Rubisco pool (I), suggesting therefore O3 
induced a decrease in rbcS transcript levels. It has been shown that growth temperature 
differentially affected in the relative expression levels of four Arabidopsis rbcS genes (Yoon et 
al., 2001). Thus, different environmental cues may specifically affect the accumulation of some 
rbcS transcripts in this gene family. However, in Arabidopsis it remained open whether 
differences in the relative expression of the rcbS gene were reflected in the synthesis of their 
respective rbcS proteins (Yoon et al., 2001). Presumably, in birch clone 36 the O3-induced 
decline in some specific rbcS transcript levels may have decreased the proportion of rcbS 
protein. Beside Rubisco, O3-treated clone 36 showed at the ultrastructural level in spongy 
mesophyll cells an abnormal spherical shape and altered density of stroma in chloroplast. 
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Interestingly, chronic O3 fumigation had the tendency to increase height growth in both 
clones, and thus, chronic O3 concentrations may serve also as a positive stimulus for growth. 
As a result of multiple alterations in chloroplasts and decreased Rubisco content, the O3-
sensitive birch clone 36 displayed depressed net photosynthetic capacity (I). As demonstrated 
earlier by Reddy et al. (1993), rbcS is particularly vulnerable to oxidative stress. Similarly, in 
birch clone 36 modification of the proportion of rbcS protein may have been an essential 
factor to influence O3-induced decline in net photosynthesis. 
Trees are frequently exposed simultaneously to multiple stresses in natural 
environments. To separate, and define interactions of coincident O3 and drought stress, clones 
36 and V5952 were subjected to water deficiency simultaneously with either high O3 stress in 
the chamber experiment, or with low O3 stress in the open-field conditions. In the 5-week 
chamber experiment, the majority of growth responses such as the foliage area and the dry 
mass of leaves, stem and roots were reduced in both clones by drought treatment, but not in 
response to O3. In both clones, drought increased chlorophyll and Rubisco quantity, but 
decreased the transpiration rate. In clone 36, drought increased both the initial and total 
Rubisco activity, but decreased net photosynthesis. Furthermore, in clone 36 the stomatal 
conductance and transpiration rates were decreased both by drought and O3, but without 
interaction. In clone V5952, drought treatment resulted in a higher shoot:root ratio, whereas 
O3 decreased net photosynthesis. In both clones, a common O3-drought interaction was the 
reduced starch content of the total chloroplast area. The most striking O3-drought interaction 
was the reduction of O3-injured leaves in both clones, i.e. drought protected from O3-induced 
foliar damage.  
Clones 36 and V5952 were also subjected to approximately 1.8-fold elevated O3 
concentrations and simultaneous drought in the open-field exposure for one growing season 
(II). In clone 36, the significant O3-drought interaction was accelerated yellowing of leaves. 
Instead, in clone V5952 the significant O3-drought interactions were reduced foliage area, 
relative growth rate of roots and amount of starch, but increased chlorophyll content and size 
of plastoglobuli. In both clones, reduced height growth and lowered stomatal density were 
significant O3-drought interactions. Interestingly, in clone 36 drought stress alone caused a 
51% decrease in the relative growth rate, whereas combined O3/drought treatment decreased 
relative growth by 44.1%. Instead, in clone V5952 drought treatment alone caused 44.6% 
decrease in the relative growth rate, whereas O3/drought treatment decreased it by 66.2%. 
Hence, simultaneous O3 and drought stress in the open-field experiment had a greater effect 
on the O3-tolerant clone V5952, and furthermore, drought did not provide protection against 
low O3 stress in contrast to high O3 stress in the chamber experiment. This implies that 
genetic determinants of O3- sensitivity or tolerance are not absolute, but rather are modified 
by environmental cues such as drought and also by growth conditions during the experiment. 
As previously demonstrated in trees, drought protected conifers and beech (Fagus sylvatica L.) 
from O3 injury in the experiments conducted with open-top or covered chambers (Dobson et 
al., 1990; Karlsson et al., 1995; Le Thiec et al., 1994). Thus, there is a risk to draw too 
generalized conclusions concerning O3-drought interactions among various tree species 
affected by varying experimental conditions. In addition, the results should be applied with 
caution to mature natural forest stands since various genotypes of trees may acclimate 
differentially to oxidative stress and drought during their long-term life span.  
 
4.3.2. O3-induced stress ethylene evolution facilitates accelerated senescence 
 
The role of ethylene signaling in O3-induced accelerated senescence was studied in two 
hybrid aspen clones by blocking ethylene perception with MCP. The two clones were exposed 
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to continuous chronic O3 fumigation (75 nL L-1 for 19 days; IV). Disrupted ethylene 
perception has been shown to delay natural senescence process in the Arabidopsis etr1-1 mutant 
(Grbic and Bleecker, 1995). In hybrid aspen, blocking ethylene perception also prevented the 
progression of normal senescence during a 3-week experiment (IV). Therefore, ethylene is 
most likely involved to initiate normal foliar senescence. In addition, as proposed by Pell et al. 
(1997), ethylene may have two potential roles associated with O3-induced accelerated 
senescence. Either it induces accelerated senescence response or serves as facilitator to 
enhance natural senescence process. However, the importance of ethylene in accelerating O3-
induced senescence has not been well established. In Arabidopsis, Miller et al. (1999) reported a 
correlation between accelerated loss of rbcS transcript and an increase in AT-ACS6 gene 
expression upon chronic O3-exposure. However, the ultimate importance of ethylene as a 
factor contributing to accelerated senescence remained to be resolved. In this study, chronic 
O3 fumigation for 19 days decreased net photosynthesis in both hybrid aspen clones. In 
addition, the O3-sensitive clone 51 displayed chlorosis and minor visible lesion formation by 
the end experiment, while the O3-tolerant clone 200 was unaffected in these parameters. In 
turn, blocking ethylene perception rescued both clones from the O3-induced decrease in net 
photosynthetic capacity, and abolished O3-induced lesion formation in the O3-sensitive clone 
51, but not chlorosis. These results revealed that the decrease in net photosynthesis and minor 
visible lesion formation were ethylene-dependent. Instead, chlorosis-like alterations were 
apparently ethylene-independent (IV). Taken together, ethylene was an essential stimulus in 
the initiation of the natural senescence process, and served as a facilitator of O3-induced 
accelerated senescence process, as proposed by Pell et al. (1997). On the other hand, chronic 
O3 did not exceed the stress level where ethylene signaling, in turn, was required to prevent 
from severe lesion formation upon acute O3 elevation (IV).  
 
 
4.4. O3 tolerance is regulated by depressed ethylene evolution, but how? 
4.4.1. BP-ACS1 promoter region in the various clones did not reveal major polymorphism 
 
As demonstrated, ethylene had a crucial role in the promotion of O3-induced cell 
death (III, IV, V). Therefore, the question regarding what regulates the timing and rate of O3-
induced ethylene biosynthesis is of interest. Birch BP-ACS1 gene was likely the primary rate-
limiting enzyme in O3-induced ethylene biosynthesis. Furthermore, the timing of transcript 
accumulation correlated well with ethylene evolution, cell death and O3 sensitivity among 
various birch clones (V). Thus, it is of interest if the BP-ACS1 promoter sequences among 
various birch clones have differences in regulatory cis-acting elements. Consequently, 
approximately 2200 bp of BP-ACS1 promoter regions were cloned from five genotypes of 
birch with different O3 sensitivities (clones V5818, K1898, E9702, JR1/4 and the genomic 
library clone). However, sequence analysis of the known essential cis-acting elements did not 
reveal obvious polymorphism among birch clones (data not shown). The only putative 
explanation found for the regulation of the rate of BP-ACS1 induction in these birch clones 
was the difference in the cis-element affecting the expression of asparagine synthetase (AS) 
gene (CTCCCAC, BOXCPSAS1). Transcription of the AS gene has been shown to be 
regulated negatively by light (Ngai et al., 1997). In the O3-sensitive clone V5818 the AS cis-
element did not confer the known sequence (switched to CTCCCCC). However, lack of major 
polymorphism in these BP-ACS1 promoter sequences indicates that cis-elements of the BP-
ACS1 promoter do not directly affect the rate of ethylene biosynthesis. Thus, the regulation 
of ethylene biosynthesis requires most likely mutual action with the transcription factors of 
other promoters.  
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4.4.2. O3-induced JA accumulation correlates with cell death  
 
As has been previously shown in tobacco, treatment with exogenous MeJA prior O3-
exposure diminished O3-induced cell death (Örvar et al., 1997). Similarly, application of 
exogenous MeJA abolished the spread of O3-induced cell death in the Arabidopsis rcd1 mutant, 
without decreasing ethylene emission (Overmyer et al., 2000). Therefore, these previous 
phenomena in tobacco and Arabidopsis could be interpreted as analogous to high endogenous 
levels of JA in planta, which could hypothetically down-regulate ethylene and affect O3 
tolerance. However, O3-induced JA accumulation in birch did not correlate with O3 tolerance. 
Rather, both ethylene and JA accumulation correlated with O3-induced cell death (V). Thus, 
JA accumulation may have resulted from direct membrane damage caused by ethylene-
dependent cell death upon O3-exposure. On the other hand, blocking ethylene biosynthesis or 
perception revealed that O3-induced JA production was triggered also independently of cell 
death or the ethylene signaling pathway (data not shown). Therefore, as JA has been shown to 
control lesion containment upon pathogen (Thomma et al., 1998) or O3 challenge (Overmyer 
et al., 2000) in Arabidopsis, it might have this role also in birch.  
To modify JA biosynthesis and investigate possible antagonistic role of JA to ethylene, 
or vice versa, the O3-sensitive birch clone V5818 was treated with ibuprofen, an inhibitor of 
lipoxygenase (LOX) and vegetative storage protein (VSP) transcript accumulation (Staswick et 
al., 1991). Ibuprofen treatment increased and prolonged O3-induced cell death (two-way 
ANOVA, treatment and time as factors, P<0.0005), did not decrease ethylene levels and 
surprisingly increased JA levels at 6 h (Figure 3). However, in turn, ibuprofen treatment 
considerably reduced O3-induced free SA accumulation (two-way ANOVA, P=0.024). The 
chemical structure of aspirin (acetyl salicylic acid) resembles ibuprofen. Thus, it was possible 
that ibuprofen mimicked SA, disturbed the feedback regulation of SA and attenuated the 
accumulation of SA. Speculatively, ibuprofen might have served even as a SA-signal for O3-
induced cell death. Ibuprofen was detected from treated leaves by GC-MS (data not shown). 
Since ibuprofen treatment was conducted with saplings not having roots, these results should 
be interpreted with a special caution. It is not known how roots participate in hormonal 
signaling and this unnatural situation could be deceptive leading to wrong conclusions. 
Nevertheless, this was the only way to subject birch saplings to ibuprofen.  
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Figure 3. Effect of modified jasmonic acid
(JA) biosynthesis on ion leakage and
hormonal levels in a three-month-old O3-
sensitive birch (Betula pendula Roth) clone
V5818 in response to O3.  
JA biosynthesis was modified with 250 µM
ibuprofen and was applied into saplings by
immersing the cut base of stem in 500 ml
containers with tap water for 14 h prior the
onset of O3-exposure. Cut saplings were
exposed to 200 nL L-1 of O3 for 6 h. Leaves
were harvested for ion leakage and hormone
determinations at 0, 6, 8 and 24 h. Error bars
indicate ±SE (n=3). Black bars indicate the
duration of O3 fumigation. 
The rates of O3-induced (A) ion leakage; (B)
ethylene accumulation; (C) JA accumulation;
(D) SA accumulation.  
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4.4.3. Endogenous SA in planta may down-regulate O3-induced ethylene  
 
Under chronic O3-exposure, the O3-tolerant hybrid aspen clone 200 did not respond 
to acute O3 elevation with ethylene and SA accumulation, in contrast to the O3-sensitive clone 
51, which exhibited severe cell death. Apparently, in the O3-sensitive clone 51 ethylene 
signaling had a crucial role in the alleviation of O3-induced cell death, while the O3-tolerant 
clone 200 did not respond to the O3 elevation. Interestingly, the levels of SA in the air-treated 
saplings during the experimental period were at remarkably higher levels in the O3-tolerant 
clone 200 than in the O3-sensitive clone 51. Furthermore, the SA/ethylene ratio in clean-air-
grown saplings of clone 200 was constantly up to 10-fold greater than in clone 51. Therefore, 
the accumulation of high basal SA over ethylene in clone 200 might have down-regulated 
ethylene-dependent O3 responses such as lesion formation (IV). This hypothesis is supported 
by earlier studies, as SA has been demonstrated to inhibit ethylene biosynthesis in cell 
suspension cultures of pear (Pyrus communis L.; Leslie and Romani, 1988), in tomato fruits (Li 
et al., 1992) and in rice (Oryza sativa L.) leaves (Huang et al., 1993). In addition, SA has been 
reported to inhibit auxin-induced ethylene production in mung bean hypocotyls, where the 
inhibitory effect of SA on ethylene production was dose-dependent. It was proposed that SA 
may inhibit ethylene by suppressed conversion of ACC to ethylene and decreased ACO 
enzyme activity via reversible interaction with Fe2+, a cofactor of ACO (Lee et al., 1999). 
Moreover, Koch et al. (1998, 2000) showed that the O3-sensitive hybrid poplar clone NE-388 
had a defect in the SA signaling pathway, and that this defect in O3-response was not due to a 
lack of SA production. Thus, it is possible that SA may not have been able to down-regulate 
ethylene synthesis in the O3-sensitive clone NE-388. This suggests that O3 sensitivity in hybrid 
aspen and poplar clones could have been ethylene-dependent. However, in contrast to the O3-
sensitive hybrid aspen (IV) and poplar clones (Koch et al., 1998, 2000), SA-insensitive 
Arabidopsis NahG plants are fairly O3 tolerant when exposed to acute O3 concentrations (Rao 
and Davis, 1999; Tuominen et al., 2002). However, under the long-term O3 challenge NahG 
plants displayed considerable O3 sensitivity (Rao and Davis, 1999). Thus, most likely ethylene- 
and SA signaling pathways can be differentially regulated by O3 in various plant species and 
are dependent on the temporal pattern of oxidative stress.  
 In the O3-sensitive hybrid aspen clone 51, the high SA accumulation upon acute O3 
elevation on day 10, and its further accumulation on day 12 without additional progressive 
necrotic lesion development could be associated with the initiation of O3-induced acclimation 
processes of oxidative stress tolerance (as an analogue to SAR in plant-pathogen interaction). 
In turn, as clone 200 displayed developmental, progressive build up of SA over the 
experimental period, it might have served as a predominant protective signaling compound, 
and further affect in acclimation processes of oxidative stress tolerance. In addition, 
progressive build up of SA might have down-regulated ethylene production (IV). Similarly, the 
O3-tolerant birch clone E9702 displayed late SA accumulation in response to single, acute O3-
exposure in contrast to the O3-sensitive birch clone V5818 (V). Taken together, high build up 
of SA over ethylene might have an essential role to prevent up-regulation of O3-induced 
ethylene. On the other hand, high ethylene production presumably facilitated high SA 
accumulation, and thus, ethylene served most likely as the primary signal to O3-induced cell 
death. In Arabidopsis, Tuominen et al. (2002) proposed that in O3-induced cell death ethylene 
and SA pathways are regulated by JA. Therefore, the question if SA in hybrid aspen had a 
direct impact to attenuate O3-induced ethylene synthesis remains to be elucidated.   
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4.5. O3 causes deceptive responses in the sensitive tree genotypes 
 
The regulatory responses with which trees react to elevated O3 are most likely evolved 
under the pressure of some other cues than O3, for example perhaps by insects and fungi. 
Plants can actively compromise invasion of pathogen by sacrificing cells at the site of 
infection, and to result in the blockage of pathogen growth through controlled and localized 
oxidative burst, PCD and HR. Plants have responded to this biotic challenge over long 
periods of evolutionary time. In contrast, elevated O3, when seen in evolutionary time scale, is 
a very recent new man-made challenge to plants. Conversely to plant-pathogen interaction, O3 
enters the whole leaf via numerous open stomata, is not spatially limited, and therefore some 
of the O3-sensitive plants or plant genotypes could apparently over-react and be deceived, 
especially in response to acute O3 concentrations where clear visible lesion formation occurs. 
Thus, most likely O3 triggers non-specifically various signaling pathways, which could not be 
interpreted strictly as defense responses as in plant-pathogen interactions.  
In birch, the age of saplings appeared to greatly affect the O3-induced lesion 
phenotype. For example, the general O3-induced lesion phenotype in birch clones of their 
second growing season was mainly resembling the HR-like response, while in clones of their 
first growing season lesion phenotypes resembled those of compatible plant-pathogen 
interaction with the complete collapse of large areas of leaf tissue (observable in paper V). 
Furthermore, the phenotype of O3-induced lesions in hybrid aspen was presumably ethylene-
dependent; blocking of ethylene perception caused severe necrosis instead of the modest HR-
like PCD (IV). Thus, in birch and hybrid aspen the O3-induced lesion phenotype can not be 
readily distinguished from incompatible, compatible or necrotrophic plant-pathogen 
interaction analogues. Berger (2001) proposed that O3 most closely resembles necrotrophic 
pathogen due to striking similarities in ROS, ethylene and SA responses to promote cell death, 
and JA responses to attenuate lesion propagation. However, for example in the O3-sensitive 
tobacco Bel W3 cultivar O3-derived H2O2 accumulation was bi-phasic (Schraudner et al., 1998) 
and therefore reminiscent of incompatible plant-pathogen interaction. Furthermore, ethylene 
has been shown to be less essential in incompatible than in compatible plant-pathogen 
interactions. Thus, O3 may mimic also compatible plant-pathogen interaction, where ethylene 
has a central role to regulate symptom development. It can be concluded, that O3 in plants is a 
cross-inducer containing several elements of all these plant-pathogen interactions, highly 
genotype-dependently. 
Chronic and acute O3-exposures rendered dissimilar responses in the same tree 
genotype. For example, the O3-tolerant hybrid aspen clone showed high O3-induced ethylene 
evolution in the single, acute O3 pulse, while progressive decline in O3-induced ethylene levels 
was observed in response to the chronic/elevated O3 (IV). Moreover, other environmental 
cues such as drought can modify O3 sensitivity (II). The degree and length of O3 challenge 
apparently determines the amount of O3-induced ethylene production, which in turn may 
operate as a common watershed to promote either accelerated senescence or cell death. The 
hypothetical model leading either to accelerated senescence or cell death is presented in figure 
4. For example, blocking ethylene perception with MCP in the O3-sensitive hybrid aspen clone 
eliminated visible lesion formation in continuous chronic O3 fumigation, in contrast to the 
acute O3 elevation where drastic necrosis occurred. Thus, ethylene signaling had a dual role 
depending on the degree of environmental stress. In this respect, chronic O3 concentration 
most likely did not exceed the stress level where ethylene signaling was required to arrest 
severe lesion formation. The role of HCN to promote cell death in ethylene-insensitive trees is 
also likely (IV, V). Furthermore, the lack of visible lesion formation in the O3-tolerant hybrid 
aspen clone 200 indicates that this clone did not employ ethylene-dependent processes, and 
thus, also blocking of ethylene perception did not affect its O3 responses. Therefore, as the 
clone 200 displayed progressive build up of developmental SA over the experimental period, it 
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might have served as a predominant protective signaling compound, which in turn may have 
an essential role in acclimation processes of oxidative stress tolerance (IV). Thus, SA may 
serve as a second watershed and either prevent up-regulation of ethylene and ethylene-
dependent lesion formation, or serve as a death signal while suddenly accumulating. In 
addition, the prolonged O3-induced SA accumulation may have also an essential role in 
acclimation processes against extended O3 stress to halt progressive cell death (IV). 
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Figure 4. The hypothetical model of hormonal ozone responses in trees leading either to accelerated senescence 
(A) or cell death (B). The hatched arrows/lines indicate ethylene (ET) insensitivity.  
? The high initial levels of endogenous SA may hinder ozone responses.  
? Blocking ET biosynthesis by AOA halts cell death, the high endogenous levels of SA in planta may inhibit ET 
biosynthesis or the high progressive build up of SA totally prevent ozone-induced accelerated senescence.  
? ET responses may be regulated through the JA pathway.  
? The disruption or blocking of ET perception under low ozone stress may partially abolish the ozone effect; 
under the high ozone stress ET biosynthesis may disrupt ET-dependent processes to protect from cell death.  
? Under low ozone stress rbcS levels may decrease and cause accelerated senescence; under high ozone stress 
SA may serve as a signal for cell death, blocking ET signaling may result in disturbed HCN removal and toxic cell 
death.  
? The low, but adequate levels of ET provoke accelerated senescence; the high levels of ET promote cell death 
and in turn may result in JA evolution.  
Abbreviations: ACS, ACC synthase; AOA, aminooxyacetic acid; ET, ethylene; etr1-1, mutant allele of ethylene 
receptor resulting in ET insensitivity; HCN, cyanide; JA, jasmonic acid; MCP, 1-methylcyclopropene; PCD, 
programmed cell death; rbcS, Rubisco small subunit; SA, salicylic acid.  
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5. CONCLUSIONS 
 
 The analyses of different ecotypes, mutants or transgenic plants impaired in ethylene, 
JA or SA biosynthesis or signaling have been useful accessions to elucidate the complex 
hormonal interactions in various oxidative stresses such as O3. The knowledge of negative 
effects of tropospheric O3 on plants is well established, and indeed, further increases in 
ambient O3 concentration may result in harmful effects for certain O3-sensitive tree genotypes 
in natural forest stands. However, the general reasons leading either to O3 sensitivity or 
tolerance in various plant species or genotypes are puzzling. The clear common denominator 
within a spectrum of plant species and different genotypes is the timing and degree of stress 
ethylene evolution, which may further determine O3 sensitivity, rate of accelerated senescence 
and/or lesion propagation. As the conclusions, several possible explanations for O3-induced 
accelerated senescence or cell death can be raised.   
 
1. The fast, but transient kinetics of O3 inducible gene expressions in ethylene biosynthesis 
pathway may result in O3 tolerance, but in contrast, especially abundant and late ACS gene 
expression may drive O3-induced symptom development.   
 
2. Ethylene- and SA signaling pathways are required to promote O3-induced cell death via 
PCD, but on the other hand, ethylene has also a central role to control and alleviate O3-
induced cell death.  
 
3. O3-induced cell death may be controlled via hormonal responses rather than antioxidant 
systems. 
 
4. In ethylene-insensitive trees, the abundant amount of simultaneously synthesized ethylene 
and HCN may promote cell death via disrupted HCN removal as β-CAS transcript 
accumulation is dependent on functional ethylene signaling. This may have implications also 
in other species that have been made insensitive to ethylene by transformation of mutant 
ethylene receptors.  
 
5. O3-induced modification of rbcS may result in depressed photosynthesis. 
 
6. Ethylene serves as a facilitator in accelerating senescence and lowers photosynthesis in 
response to chronic O3 fumigation. 
 
7. O3- sensitivity or tolerance is not consistent, and is mediated by other environmental cues 
such as drought.  
 
8. Progressive build up of SA might serve as a predominant protective signaling compound, 
which may have an essential role in acclimation processes of oxidative stress tolerance and 
prevent the up-regulation of ethylene synthesis and/or responses, and therefore also 
ethylene-dependent lesion formation.  
 
9. The switch of either to accelerated senescence or cell death may be determined by the 
abundance of O3-induced stress ethylene evolution. 
 
10. Evolutionally O3 is most likely unknown to trees and its effects contain several elements 
of different plant-pathogen interactions that are genotype-dependent. Thus, O3 is a non-
specific cross-inducer, which triggers undesired responses, i.e. accelerates senescence and/or 
provokes cell death in plant cells.   
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